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Abstract 
 
The focus of this dissertation is on two different subjects. The first examines the 
magnetic and structural properties of metalloporphyrins. In these studies, neutrons were 
used to probe the magnetic properties of metalloporphyrins. Insight on the structural 
properties of metalloporphyrins was also gained by examining the intermolecular 
interactions in the solid state. The second subject is the synthesis and characterization of 
new tantalum complexes and studies of their reactions with O2 [dioxygen]. These 
complexes are potential precursors to make metal oxide and metal nitride thin films. 
 In the first part of this dissertation, the zero-field parameters D have been directly 
determined for [M(TPP)Cl] (M = Cr, Mn, Fe, TPP = meso-tetraphenylporphyrinate) and 
[Mn(TPP)] using inelastic neutron scattering (INS). Non-deuterated samples were used 
to measure small energy differences of the magnetic excitations in these 
metalloporphyrins. To our knowledge, this is the first time INS has been used to probe 
the magnetic excitations in bioinorganic complexes. 
 Intermolecular interactions in the solid state structures of biomimetic [Fe(TPP)Cl] 
and [M(TPP)NO] (M = Fe, Co) have been studied using Hirshfeld surface analysis. It was 
revealed that intermolecular interactions are a significant factor in structure disorders in 
the three metalloporphyrins and phase changes in the nitrosyl complexes. At the phase 
change a significant void volume increase was gained by the gradual tilting of phenyl 
rings, enabling further thermal compression at low temperatures. 
 In the second half of this dissertation, mixed amide imide alkyl complexes 
TaR2(=NSiMe3)[N(SiMe3)2] [tantalum alkyl amide imide] (R = Me or CH2Ph [benzyl]) have 
 
  
 
v 
 
been synthesized and characterized. Their reactions with O2 [dioxygen] have also been 
probed, revealing the unique nature of these reactions. Crystal structures of 
Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] [tantalum benzyl amide imide]  and the methoxy dimer 
Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 [tantalum amide imide methyl methoxy dimer] 
have been solved and are discussed. 
 The mixed amide imide complexes Ta(NR2)(=NSiMe3)[N(SiMe3)2] [tantalum amide 
imide] (R = Me or Et) have been synthesized from two different starting materials and 
characterized. One of the reactions involves a rare intramolecular imidation between two 
amide ligands. The intramolecular imidation has been studied further to gain an 
understanding of its mechanism.
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Introduction 
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This dissertation covers two areas of my Ph.D. research: (1) Structures and 
magnetic properties of metalloporphyrins; (2) Syntheses and reactions of tantalum imide 
complexes. This part provides introduction to the two areas. 
 
1.1. Studies of Magnetic Excitations Using Inelastic Neutron Scattering (INS) 
Chemistry of metalloporphyrins is a rich and diverse one, as metalloporphyrins are 
found naturally in both biological and geological systems.1-3 Many metalloporphyrins often 
have unpaired electrons, making the compounds paramagnetic. One intrinsic property of 
paramagnetic compounds is the zero-field splitting (ZFS). For compounds with spin S ≥ 
1, the interaction of the electron spins mediated by spin orbital coupling leads to a splitting 
of the spin states of otherwise degenerate states.4-6 The spin Hamiltonian is given in Eq. 
1.1: 
 
?̂?𝑠 = 𝐷 [?̂?𝑧
2 − 
1
3
𝑆(𝑆 + 1)] + 𝐸[?̂?𝑥
2 − ?̂?𝑦
2]    (Eq. 1.1) 
where D and E are the axial and rhombic ZFS parameters, respectively, which measure 
the magnetic anisotropy of the system.  
 
ZFS occurs as a difference between otherwise degenerate energy levels in the 
absence of an external magnetic field. It is of fundamental importance to understanding 
molecular magnetism. While ZFS parameters have been actively studied, there is still a 
limited understanding on how ZFS parameters relate to the geometric and electronic 
structures of transition metals compounds, including how metal-ligand bonding affects 
ZFS.4,5,7 Knowledge of the effects of metal-ligand bonding on ZFS also helps design 
 
  
 
3 
 
better single molecular magnets (SMMs) as data storage and quantum computing 
materials.8 The D parameter, which dominates magnetic anisotropy and the E parameter 
which relates to the quantum tunneling of magnetization in low symmetry compounds are 
key to tuning SMM properties.8 
ZFS, including that of metalloporphyrins, has been investigated by several 
techniques, including electron paramagnetic resonance (EPR), magnetic susceptibility 
measurement, NMR, far-IR, Mössbauer spectroscopy, and magnetic circular dichroism 
(MCD).1c,6,8,9 Inelastic neutron scattering (INS), to our knowledge, has not been used to 
investigate ZFS. It is, however, one of two techniques that directly give both the 
magnitude of the D parameter and often its sign. 
Neutron scattering has been used to probe the magnetic properties of metal 
complexes.4g This is mainly because neutrons have a spin = ½ and a magnetic moment 
that can interact with unpaired electrons (spin = ½). When neutrons are scattered 
inelastically, they transfer energy to molecules in the sample, leading to transitions 
between molecular energy levels. INS has been used to probe the magnetic properties 
of metal complexes, especially excitations among low-lying energy levels in the 
molecules. In such a process, incident neutrons transfer energy to the molecules, leading 
to the magnetic excitations that are observed in an INS spectrum.4g 
 
1.2. Understanding Intermolecular Interactions in the Solid State 
In biological systems, metalloporphyrins are found in heme proteins. The diverse 
biological functions of heme proteins are often attributed to the varying degree of changes 
in the local heme environment.1 For example, nitric oxide (NO) is a vital cellular signaling 
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agent in many physiological and pathological processes.10 Its coordination to heme 
proteins is involved in several fundamental processes such as neuronal communication,11 
muscle relaxation,12 platelet deaggregation,13 and myocardial function.14 A key structural 
feature of the O2-free hemes in hemoglobin and myoglobin is that the active center 
contains a five-coordinate Fe-porphyrin. Five-coordinate Fe-porphyrin systems15-17 such 
as [Fe(TPP)Cl] (1) (TPP2- = meso-tetraphenylporphyrinate, Figure 1.1) have thus been 
actively studied to provide insight into the physical and chemical properties of the 
hemes.18-24 
The exact crystal structure of [Fe(TPP)Cl] (1) is not clear. The first reported crystal 
structure of 1 was incorrectly solved as [Fe(TPP)(OH)]∙(H2O) in the I4 space group.18a 
This structure was re-analyzed by Hoard et al. in the higher symmetry I4/m space group 
as [Fe(TPP)Cl] (1).18b Monoclinic [Fe(TPP)Cl] (1) crystals in the P21/n space group were 
obtained by Scheidt et al. through decomposition of [Fe(TPP)(NO)] (5) in a CH2Cl2 
solution containing nitrate and nitrite ions.23 A structure of [Fe(TPP)Cl] (1) at 100 K, in the 
I4/m space group, was solved by Scheidt and coworkers.25 Most recently [Fe(TPP)Cl] (1) 
at 293 K was refined in the I4 space group by Hadjikakou et al. with two superimposed 
independent molecules having different distances of the Fe atom to the plane defined by 
the four N atoms of the porphyrin.26 
 
Figure 1.1.  [Fe(TPP)Cl] (1). 
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Hirshfeld surface analysis, recently developed by Spackman and coworkers, 
allows for the comparison of molecular structures by examining interactions of an 
individual molecule with its nearest neighbor molecules while maintaining a whole-of-
molecule approach.27-29 A Hirshfeld surface is an isosurface calculated from the weight 
function w(r) of the sum of spherical atom electron densities (Eq. 1.2); 
 
𝑤(𝒓) =
𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒(𝒓)
𝜌𝑝𝑟𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙(𝒓)
= ∑ 𝜌𝐴(𝒓)/ ∑ 𝜌𝐴(𝒓)𝐴∈𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝐴∈𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒    (Eq. 1.2) 
 
where promolecule(r) is the sum of the molecular electron density over the atoms in the 
molecule of interest (the promolecule) and procrystal(r) is the similar sum over the crystal 
(the procrystal).27-29 
 
The isosurface separates a molecule (promolecule) from its nearest neighbors 
(procrystal) at a given density level. From the Hirshfeld surface, distances to the nearest 
atoms outside (external), de, and inside (internal), di, are readily defined, and the surface 
gives a visual 3-D representation of the intermolecular close contacts in the crystal. Using 
the de,di pairs, the Hirshfeld surface can be reduced to a 2-D histogram, giving a unique 
fingerprint plot for molecular interactions in the crystal.28,29 Void volumes in the crystal 
can be readily determined using the same isosurfaces of electron density, by looking at 
areas in the crystal where the electron density is the lowest.30 Other earlier  methods, in 
comparison, rely on the approximation of a molecule as a set of fused spheres with van 
der Waals radii and are thus limited in scope.27-30 Hirshfeld surface analysis has been 
used to explore permanent voids, cavities, and channels in porous materials.30 Hirshfeld 
 
  
 
6 
 
surface analysis is an excellent tool to compare compounds with respect to their 
molecular environment and interactions independent of the overall space group 
symmetry. 
For example, the intermolecular interactions in squaraines were probed, shining 
light on how the π stacking in such dyes leads to semiconductor behavior in thin films.31 
Another example is spin crossover complexes, which can have large changes in their 
intermolecular interactions upon undergoing a spin change.32 
 
1.3. Precursors to Metal Oxide Thin Films 
Microelectronics is an integral part of modern society. Continued innovation in the 
microelectronic industry requires the use of new materials. For example, the gate 
insulator in transistors (Scheme 1.1), which acts a channel for the source and drain, has 
typically been SiO2. However, with the continued decrease in transistor size dictated by 
Moore’s law, SiO2 becomes a poor insulator below a thickness of 2 nm.33-40 This is due 
to the low dielectric constant of SiO2 (k = 3.9) which allows current leakage below 2 nm.33-
40 In recent years, SiO2 has been replaced by metal oxides such as HfO2 and Ta2O5 that 
have high dielectric constants (k = 25 and 26, respectively).40 The Intel®  
 
 
Scheme 1.1.  A schematic of a transistor found in a microelectronic device. 
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AtomTM Processor and processors by Samsung and Apple are currently used in 
smartphones, SMART TVs, and tablet computers. They all contain HfO2-based gate 
materials. 
Metal oxide thin films for microelectronics are predominantly made using chemical 
vapor deposition (CVD) and atomic layer deposition (ALD).41-45 CVD/ALD processes rely 
on the reactions between inorganic precursors and molecular oxygen or water. For CVD, 
these reactions take place in the gas phase making it difficult to determine the mechanism 
of the reactions. The inorganic precursors used to make metal oxide thin films in 
CVD/ALD processes are primarily d0 metal complexes. In part due to the air-sensitive 
nature of d0 metal complexes, their reactions with O2 are not well understood.46 
The reactions between O2 and dn middle and late transition metals typically involve 
metal oxidation.47 For example, Kelley and Rohde in their studies of alkene oxygenation 
reactions were able to isolate and characterize an Ir(III) peroxo intermediate in the 
reaction between the [IrI{PhNC(NMe2)NPh}(cod)] (cod = 1,5-cyclooctadiene) and O2 
(Scheme 1.2).47j 
 
 
 
Scheme 1.2.  Reaction of an IrI complex with O2.47 
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For d0 complexes there are very few reports on their reactions with O2.46 Since 
there are no valence d electrons in the d0 complexes, the pathways in their reactions with 
O2 are expected to be different from those of the reactions between dn complexes and 
O2. dn complexes are usually oxidized in these reactions. 
The majority of the reactions between d0 complexes and O2 in the literature involve 
oxygen insertion into metal alkyl bonds. For example, Schawrtz et al. reported oxygen 
insertion into the Zr-R bond in Cp2ZrRCl to form Cp2Zr(OR)Cl.46c Insertion of O2 into the 
Zr-Si bond was observed in the reaction between O2 and Cp2Zr(SiMe3)Cl.46b 
Our group has reported the reaction between d0 metal amides M(NMe2)4 (M = Zr, 
Hf) and O2 with the formation of unusual trinuclear oxo aminoxide complexes 
M3(NMe2)6(μ-NMe2)3(μ3-O)(μ3-ONMe2) (M = Zr, Hf) (Scheme 1.3).46n Density functional 
theory calculations revealed the mechanistic pathways in the reactions of model 
complexes Zr(NR2)4 (R = H, Me) and [Zr(NR2)4]2 (R = H, Me) with triplet O2. Monomeric 
and dimeric reaction pathways were proposed. 
 
 
Scheme 1.3.  Reactions of d0 amides M(NMe2)4 with O2.46n 
 
Our group has also studied the reactions of Group 5 amides, M(NMe2)5 (M = Nb, 
Ta), with O2 (Scheme 1.4).46o,46p M(NMe2)5 both give aminoxy monomer species 
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(Me2N)nM(η2-ONMe2)5-n (M = Nb, Ta; n = 3, 4) and an oxo dimer (Me2N)4M2[η2-
N(Me)CH2NMe2]2(μ-O)2 (M = Nb, Ta). The reaction of the tantalum amide also gives the 
trinuclear species (Me2N)6Ta3[η2-(N(Me)CH2NMe2]2(η2-ONMe2)(μ-O)3.  
Our group has also studied the reactions between O2 and d0 complexes that 
contain guanidinate and amidinate ligands.46x,46y The amidinate and guanidinate ligands 
have been shown to stabilize complexes, making them better CVD and ALD precursors 
for microelectronic materials. Their reactions with O2 give oxo complexes and polymers. 
Also, a rare peroxo complex, {(-O2)Zr[iPrNC(Me)NiPr]2}3, was obtained from the reaction 
of O2 with d0 (Me2N)2Zr[iPrNC(Me)NiPr]2 (Scheme 1.5).46y 
 
 
 
Scheme 1.4.  Selective insertion in the reactions of M(NMe2)5 (M = Nb, Ta) with O2.46o,46p  
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Scheme 1.5.  Reactions between O2 and d0 amidinate amides yielding peroxo and oxo 
products.46x,46y 
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1.2. Current Dissertation 
1.2.1. Part 2 
Zero-field splitting (ZFS) parameters of several non-deuterated metalloporphyrins 
[M(TPP)Cl] (M = Fe, 1; Mn, 2; Cr, 3) and [Mn(TPP)] (4) (TPP2- = meso-
tetraphenylporphyrinate) have been directly determined by inelastic neutron scattering 
(INS). The ZFS values are: D = 6.33(8) cm-1 for [Fe(TPP)Cl] (1), -2.24(3) cm-1 for 
[Mn(TPP)Cl] (2), 0.79(2) cm-1 for [Mn(TPP)] (4), and |D| = 0.234(12) cm-1 for [Cr(TPP)Cl] 
(3). The work shows that compounds with magnetic excitations below ~30 cm-1 could be 
determined using non-deuterated samples. To our knowledge, this is the first use of INS 
to probe magnetic properties of biomimetic compounds. 
 
1.2.2. Part 3 
Variable-temperature (VT) crystal-structure study of [Fe(TPP)Cl] (1) and Hirshfeld 
surface analyses of its structures and previously published structures of [M(TPP)(NO)] 
(M = Fe, 5; Co, 6) reveal that intermolecular interactions are a significant factor in 
structure disorders in the three metalloporphyrins and phase changes in the nitrosyl 
complexes. These interactions cause, e.g., an 8-fold disorder in the crystal structures of 
[M(TPP)(NO)] (5,6) at room temperature that obscures the M-NO binding. Hirshfeld 
analyses of the structure of [Co(TPP)(NO)] (6) indicate that the phase change from I4/m 
to P-1 leads to an increase in void-volume percentage, permitting additional structural 
compression through tilting of the phenyl rings to offset the close-packing interactions at 
the interlayer positions in the crystal structures with temperature decrease. X-ray and 
neutron structure studies of [Fe(TPP)Cl] (1) at 293, 143 and 20 K reveal a tilting of the 
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phenyl groups away from being perpendicular to the porphyrin ring as a result of 
intermolecular interactions. Structural similarities and differences among the three 
complexes are identified and described by Hirshfeld surface and void-volume 
calculations. 
 
1.2.3. Part 4 
The alkyl amide imide complexes TaMe2(=NSiMe3)[N(SiMe3)2] (9) and 
Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) have been prepared from the reactions of {Ta(μ-
Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) with the appropriate organometallic reagents. 10 has 
been characterized by single-crystal X-ray diffraction and shows η2 coordination of the 
phenyl ring on one of the benzyl ligands to the Ta center. The reaction of 9 and 0.5 equiv 
of O2 leads to selective oxygen insertion into one Ta-Me bond, yielding an alkoxy bridged 
dimer Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 as cis- and trans-isomers (cis-11 and 
trans-11). The trans-11 isomer has been characterized by single-crystal X-ray diffraction. 
A mixture of cis-11 and trans-11 in benzene-d6 was found to react with additional O2 to 
give {Ta(μ-OMe)(OMe)(=NSiMe3)[N(SiMe3)2]}2.  
 
1.2.4. Part 5 
Mixed amide imide compounds Ta(NR2)2(=NSiMe3)[N(SiMe3)2] (R = Me, 12; Et, 
13) have been prepared by two different salt metathesis reactions from  TaCl3[N(SiMe3)2]2 
(7) or {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8). The pathway from 7 eliminates Me3Si-NR2 
(R = Me or Et), converting the amide N(SiMe3)2 ligand to the imide =NSiMe3 ligand. Such 
intramolecular imidations are rare. The mechanism of this process has been probed. 
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1.2.5. Part 6 
A summary of the research in this dissertation is presented as well as suggested 
future work. 
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Magnetic Excitations in Metalloporphyrins by Inelastic 
Neutron Scattering. Determination of Zero-Field 
Splittings in Iron, Manganese and Chromium 
Complexes 
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This part is based on the following paper: 
Hunter, S. C.; Podlesnyak, A. A.; Xue. Z.-L., Magnetic Excitations in 
Metalloporphyrins by Inelastic Neutron Scattering. Determination of Zero-Field Splittings 
in Iron, Manganese and Chromium Complexes. Inorganic Chemistry 2014, 53, 1955. 
 
Abstract 
Zero-field splitting (ZFS) parameters of several non-deuterated metalloporphyrins 
[M(TPP)Cl] (M = Fe, 1; Mn, 2; Cr, 3) and [Mn(TPP)] (4) (TPP2- = meso-
tetraphenylporphyrinate) have been directly determined by inelastic neutron scattering 
(INS). The ZFS values are: D = 6.33(8) cm-1 for [Fe(TPP)Cl] (1), -2.24(3) cm-1 for 
[Mn(TPP)Cl] (2), 0.79(2) cm-1 for [Mn(TPP)] (4), and |D| = 0.234(12) cm-1 for [Cr(TPP)Cl] 
(3). The work shows that compounds with magnetic excitations below ~30 cm-1 could be 
determined using non-deuterated samples. 
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2.1. Introduction  
Metalloporphyrins are an important class of compounds, and they are found in both 
biological and geological systems.1-3 Magnetic properties of paramagnetic 
metalloporphyrins, those with unpaired electrons, have been actively studied.1c One 
intrinsic magnetic property is the zero-field splitting (ZFS). For paramagnetic compounds 
with spin S ≥ 1, there lies a splitting of the spin states of otherwise degenerate states as 
a result of the interaction of the electron spins mediated by the spin-orbital coupling.4-6 
The spin-Hamiltonian is given in Eq. 2.1. 
 
?̂?𝑠 = 𝐷 [?̂?𝑧
2 −  
1
3
𝑆(𝑆 + 1)] + 𝐸[?̂?𝑥
2 −  ?̂?𝑦
2]   (Eq. 2.1) 
where D and E are the axial and rhombic ZFS parameters, respectively. 
 
ZFS appears as small differences (usually a few cm−1) among energy levels in the 
absence of an external magnetic field, and it is represented by the D and E parameters 
(Eq. 2.1). ZFS of single molecular magnets (SMMs) has been actively studied, as the D 
values are critical for their potential applications for, e.g., as new data storage materials.7 
ZFS, including those of metalloporphyrins, has been investigated using electron 
paramagnetic resonance (EPR), magnetic susceptibility, NMR, far-IR, Mössbauer, 
magnetic circular dichroism (MCD), and inelastic neutron scattering (INS).1c,6-8 Among 
these techniques, INS is one of few that directly give both the magnitude of the D 
parameter and often its sign. 
When a sample is placed in an incident neutron beam, neutrons may scatter by 
the sample elastically and inelastically. When neutrons are scattered inelastically, they 
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transfer energy to molecules in the sample, leading to transitions between molecular 
energy levels. INS has been used to study dynamics of molecules such as rotational 
motion of H2 ligands.9 It has also been used to probe the magnetic properties of metal 
complexes, especially excitations among low-lying energy levels. In such a process, 
incident neutrons transfer energy to the molecules, leading to the magnetic excitations 
that are observed in an INS spectrum.4g For example, the low-lying energy levels of 
magnetic clusters have been characterized by INS.4g,10 Güdel and coworkers have 
determined D for single-molecule magnets [Mn4O3X(OAc)3(dbm)3] (X = Br, Cl, OAc, 
and F) and studied how the D values change with the axial X ligands.11a Chaboussant, 
Christou, and Lechner have found out that reduction of the Mn12 cluster 
[Mn12O12(O2CC6F5)16(H2O)4] suppresses the axial ZFS parameter D.11b  
To our knowledge, few bioinorganic complexes have been studied by inelastic 
neutron scattering (INS). Traditionally neutron scattering studies have been conducted 
using deuterated samples, as D atoms have smaller incoherent scattering of neutrons 
than H atoms, reducing the background noise.12 The Spallation Neutron Source (SNS) 
recently constructed at Oak Ridge National Laboratory (ORNL) in the USA provides the 
most intense pulsed neutron beams in the world for scientific research. State-of-the-art 
experimental stations at SNS have made it possible to probe magnetic properties of 
non-deuterated metal complexes in detail.11h We have used the Cold Neutron Chopper 
Spectrometer (CNCS)13 at SNS to determine the D parameters for the non-deuterated 
metalloporphyrins [M(TPP)Cl] (H2TPP = meso-tetraphenylporphyrin, M = FeIII, 1; MnIII, 
2; and CrIII, 3) and [Mn(TPP)] (4).  Our results are reported here. 
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 Molecules of the complexes in the current studies have 4-fold symmetry (Scheme 
2.1). If their crystals have a 4-fold symmetry as well in, e.g., a tetragonal space group, the 
spin-Hamiltonian in Eq. 2.1 is simplified into Eq. 2.2.  
 
?̂?𝑠 = 𝐷 [?̂?𝑧
2 −  
1
3
𝑆(𝑆 + 1)]     (Eq. 2.2) 
 
In the absence of a magnetic field, electronic ground states of complexes with S = 5/2, 2, 
3/2 and 1 are split (Scheme 2.2), as a result of ZFS by the combined effect of the spin-
orbital coupling and the axial ligand field.6  
 
 
Scheme 2.1.  Structures of metalloporphyrins in the current studies. 
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Scheme 2.2.  Zero-field splittings (ZFS) in compounds with S = 5/2, 2 and 3/2. Top: D > 
0; Bottom: D < 0. 
 
2.2. Experimental Section 
[Fe(TPP)Cl] (1) (Strem Chemicals, Lot# 19089600), [Mn(TPP)Cl] (2) (Sigma 
Aldrich, Lot# 01909MEV), and [Cr(TPP)Cl] (3) (Strem Chemicals; Lot# 21803900) were 
used as received. [Mn(TPP)] (4) was prepared through the reduction of [Mn(TPP)Cl] (2) 
by NaBH4 by the literature methods.14 The identities and purities of the samples were 
confirmed by UV-visible spectroscopy.6,14,15 
The solid samples were characterized by powder X-ray diffraction. Suitable 
polycrystalline samples of the air-stable complexes [Fe(TPP)Cl] (1), [Mn(TPP)Cl] (2), and 
[Cr(TPP)Cl] (3) were placed on a zero-background plate sample holder. Air-sensitive 
[Mn(TPP)] (4) was placed on an air-sensitive sample holder with a zero background plate. 
The sample was covered with a 14 gauge DuPont Mylar C film. 
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Powder diffraction patterns were obtained on the PANalytical Empyrean 
diffractometer using Cu K radiation ( = 1.5418 Å). Analysis and unit cell determination 
were performed using the PANalytical HighScore Plus analysis software and the McMaille 
method.16 Diffraction patterns of [Fe(TPP)Cl]17 (1) and [Mn(TPP)Cl]18 (2) were matched 
to simulated diffraction patterns from their single crystal X-ray diffraction data. 
The INS measurements were carried out on the CNCS at the SNS, Oak Ridge 
National Laboratory. The CNCS is a direct geometry, time-of-flight spectrometer that 
receives a beam from a coupled cryogenic H2 moderator. For energy selection, the CNCS 
employs four chopper assemblies. The speeds and slit widths of the choppers can be 
varied, allowing adjustments in the instrumental resolution and intensity of the incident 
beam. Approximately 500 mg of each sample was loaded into 1/2 inch thick aluminum 
tubes and sealed under a helium atmosphere. The sample was mounted in a standard 
liquid helium cryostat with a base temperature of T = 1.5 K. An oscillating radial collimator 
was used to reduce background scattering from the tail of the cryostat. Vanadium was 
used as a standard for the detector efficiency correction.  
The incident neutron energy for every measurement was chosen to cover the 
anticipated region of interest in both the energy E and scattering-vector Q space. The 
small incident energy is especially important to observe excitations near the elastic peak 
(at energy transfer = 0 cm-1) as the full-width-at-half-maximum (FWHM) of the elastic 
peak, which is typically 1.5-2% of the incident energy, would be narrow, giving better 
energy resolution. As discussed below, the larger scattering angles reveal the change in 
the peak intensities vs |Q| and confirm whether a peak is magnetic or phonon in nature. 
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For [Fe(TPP)Cl] (1), measurements were performed at 1.5 and 20 K with incident 
neutron beam energies of 24.20, 80.66, and 201.64 cm-1 and resolutions at the elastic 
peak of 0.59, 3.1, and 10 cm-1, respectively. For [Mn(TPP)Cl] (2), measurements were 
performed at 2.08, 5.1, 10.2, and 50.0 K with incident neutron beam energies of 12.58, 
24.20, and 96.79 cm-1 and resolutions at the elastic peak of 1.9, 0.46, and 3.1 cm-1, 
respectively. For [Mn(TPP)] (4), measurements were performed at 2.08, 5.1, 10.2, and 
50.0 K with incident neutron beam energies of 12.58, 24.20, and 96.79 cm-1 and 
resolutions at the elastic peak of 0.18, 0.43, and 3.0 cm-1, respectively. For [Cr(TPP)Cl] 
(3), the measurements were performed at 2.08, 10.2, and 50 K using incident neutron 
beam energies of 8.06 and 24.20 cm-1 and resolutions at the elastic peak of 0.097 and 
0.43 cm-1, respectively. It took approximately 24 h to run one sample at various 
temperatures and incident neutron energies. Data were then reduced and analyzed using 
the DAVE (Data Analysis and Visualization Environment) program package.19 
The INS spectra were simulated by calculating the energies En and corresponding 
wavefunctions |n> via exact diagonalization of spin-Hamiltonian in Eq. 1. These can be 
used to get the INS intensity for a transition i → f, which is proportional to the scattering 
function Sαβ(Q,ω):20 
 
 𝑆𝛼𝛽(𝑸, 𝜔) = ∑ 𝑒𝑥𝑝{𝑖𝑸(𝑟𝑗 − 𝑟𝑗′)} × ∑ 𝑝𝑖
𝑓
𝑖
𝑗′
𝑗
⟨𝑖|?̂?𝑗,𝛼|𝑓⟩⟨𝑓|?̂?𝑗′,𝛽|𝑖⟩𝛿(𝐸𝑖 − 𝐸𝑓)  (Eq. 2.3) 
 
Sj,α is the α component of the spin operator Sj at position rj where α, β stand for Cartesian 
coordinates x, y, z. The initial and final states of a transition with energy En are |i> and |f>, 
respectively. Q = ki - kf is the scattering vector of the momentum transfer where ki and kf 
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refer to the wavevector of the incoming and outgoing neutrons, respectively, and pi is the 
Boltzmann population factor of state |i>. For powder samples Eq. 2 has to be averaged 
in Q space using known equations.21 The values of D and, if necessary, E were 
systematically scanned in order to find the best fit to the experimental spectra. The 
linewidths of the INS peaks lie within experimental accuracy determined by the 
instrumental resolution. The effective resolution function R(Q,E) of CNCS is nearly 
Gaussian in energy.13 Therefore, the INS intensities were fit assuming Gaussian line 
shapes with FWHM of the energy resolution for the CNCS spectrometer. The detailed 
analyses, using the plots with smaller stepsize points, and calculations of errors in the D 
values, are given for each complex in Appendix A. 
 
2.3. Results and Discussion 
2.3.1. [Fe(TPP)Cl] (1)  
Powder X-ray diffraction of the sample at 296 K, Figure 2.1, is consistent with the 
simulated pattern predicted from the single crystal X-ray diffraction data at 20(2), 143(2) 
and 293(2) K, indicating that the solid sample is in the tetragonal crystal system (with the 
4-fold symmetry).17,22 Indexing of the powder X-ray diffraction data from the sample by 
the McMaille method also yielded the same tetragonal unit cell, Figure 2.2. Our earlier 
studies of the X-ray diffraction of a single crystal of [Fe(TPP)Cl] (1) revealed that the 
crystal remains in the tetragonal system between 296(2) and 20(2) K.17 Although the X-
ray diffraction studies were not conducted at 1.5 K, the INS studies discussed below 
suggest that the sample remained in the tetragonal crystal system between 1.5 and 20 K.
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Figure 2.1.  (Top) Simulated diffraction pattern of [Fe(TPP)Cl] (1) single crystal data. (Bottom) Diffraction pattern of 1 
obtained from sample used for INS.
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Table 2.1.  Unit cell parameters determined by the McMaille indexing method 
 
 a (Å) b (Å) c (Å) α (°) β (°) γ (°) Cell 
Volume 
(Å3) 
Not 
Indexed 
Lines 
FOMa 
[Fe(TPP)Cl] (1) 13.6091 13.6091 9.8764 90 90 90 1829.1840 0 45.18 
[Mn(TPP)Cl] (2) 13.5302 13.5302 9.9387 90 90 90 1819.4410 0 34.30 
[Cr(TPP)Cl]b (3) 13.4405 13.4405 9.6810 90 90 90 1748.8440 6 88.55 
[Cr(TPP)Cl]c (3) 10.6576 8.5982 13.3577 90 90 90 1224.0490 1 532.22 
[Mn(TPP)] (4) 15.5230 15.5230 7.3597 90 90 90 1773.4190 5 60.12 
 
a FOM = Figure of Merit. 
b Sample from recrystallization in methylene chloride. 
c Sample used in the INS study. 
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In [Fe(TPP)Cl] (1), the Fe(III) ion has a high spin (S = 5/2) configuration, and its 
electronic ground state is split into three Kramers doublets: MS = 1/2, 3/2, and 5/2. 
The spacings among the three doublets are 2D and 4D, respectively (Scheme 2.2). The 
ZFS in [Fe(TPP)Cl] (1) has been the subject of several studies. Its D values have been 
determined by, e.g., magnetic susceptibility measurements,23 far-IR,24 NMR,25 and 
Mössbauer,26 MCD,6 and EPR27 spectroscopies. The D values obtained, ranging from 3.2 
to 11.9 cm-1, are summarized in Table 2.2. 
 
Table 2.2.  ZFS values for [Fe(TPP)Cl] (1) 
 
 
In the INS spectra of [Fe(TPP)Cl] (1), a peak at 12.65(8) cm-1 was observed (Figure 
2.2, Left) at both 1.5 and 20 K. This corresponds to the 1/2  3/2 excitation (Scheme 
2.2). At 20 K, a peak at -12.65(8) cm-1 is observed, indicating that the incident neutrons 
D (cm-1) Sample form Technique 
11.9 Powder Magnetic susceptibility23a 
8.0(5) Powder Magnetic susceptibility23b 
6.0(1) Single crystal Magnetic susceptibility23c,d 
6.5 Powder Far IR24 
11.3 Solution NMR25 
7.0(1.0) Powder Mössbauer26 
6.9 Polystyrene film MCD6 
3.2 Doped in H2TPP EPR27 
6.33(8) Powder INS (this work) 
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gain energy from the sample in the process. In other words, at 20 K, the excited 3/2 
states in Scheme 2.2 are partially populated. During the scattering process, those 
molecules return to the ground 1/2 states, transferring the energy to the neutrons. 
INS is unique in that it is capable of distinguishing peaks of magnetic excitations 
from those of vibrations.12 Peaks of magnetic excitations decrease in intensity with 
increased |Q|, while those from vibrations increase in intensity with increased |Q|.12 The 
decrease in magnetic excitations follows the square of the magnetic form factor F(Q). 
Changes in peak intensities vs |Q| are given in Figure 2.2-Right. The intensity of the 
12.65(8) cm-1 peak indeed decreases with increased |Q|, confirming that it is magnetic in 
nature. The intensities of the peaks >16 cm-1 increase with increased |Q|, indicating that 
they are vibrational peaks. 
Earlier studies of [Fe(TPP)Cl] (1) have given positive D values, as summarized in 
Table 2.2. INS, however, can be used to confirm that the sign of the D parameter. If D > 
0, the lowest energy level is 1/2 and the first excitation is from this level to 3/2 level with 
a peak at 2D, as shown in Scheme 2.2-Top. When the temperature is raised, the 3/2 is 
populated and one expects to see the 3/2 to 5/2 transition with a peak at 4D at a higher 
energy. If D < 0, the lowest energy level is 5/2 and the first excitation is from this level to 
3/2 level with a peak at 4D, as shown in Scheme 2.2-Bottom. When the temperature is 
raised, the 3/2 is populated and one expects to see the 3/2 to 1/2 transition with a 
peak at 2D at a lower energy. Figure 2.3-Left shows the measured INS spectra with the 
incident neutron energy of 80.66 cm-1. Although there is considerable phonon scattering 
at both temperatures, a new peak is visible at around 25.60 cm-1 in
 
  
 
35 
 
  
 
  
Figure 2.2.  (Left) INS spectra of [Fe(TPP)Cl] (1) using a 24.20 cm-1 incident neutron beam. (Right) Change in the peak 
intensities vs |Q| at 1.5 K. Incident neutron energy: 80.66 cm-1.
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Figure 2.3.  (Left) INS spectra of [Fe(TPP)Cl] (1) using a 80.66 cm-1 incident neutron energy. (Right) Theoretical INS 
spectra of an S = 5/2 spin system with D = 6.33 cm-1. 
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the 20 K spectrum. This peak matches nicely with the theoretical INS spectra (Figure 2.3-
Right). 
Our single crystal diffraction studies of [Fe(TPP)Cl] (1) at 20(2) K in Part 2 indicate 
that the crystal is in a tetragonal system at this temperature. A comparison of the INS 
spectra at 1.5 and 20 K in Figure 2.2-Left shows no observable rhombic splitting(s) at 1.5 
K, suggesting that the solid samples remained in the tetragonal crystal system at this 
temperature. Thus the INS studies here give 2D = 12.65(8) cm-1, D = 6.33(8) cm-1 for 1. 
The D value of 6.33(8) cm-1 for [Fe(TPP)Cl] (1) is close to 6.95(14) cm-1 for 
protoporphyrin IX dimethyl ester Fe(III) chloride (Scheme 2.3) that Brackett and 
coworkers measured using far-IR spectroscopy.28 The protoporphyrin complex in 
Scheme 2.3 does not have a 4-fold symmetry, and its E/D  0, indicating there is nearly 
no rhombic splitting in this complex. 
 
 
 
Scheme 2.3.  Protoporphyrin IX dimethyl ester Fe(III) chloride. 
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2.3.2. [Mn(TPP)Cl] (2) 
Single crystals of [Mn(TPP)Cl] (2) and [Fe(TPP)Cl] (1) are isomorphous.17,18,22 
Powder X-ray diffraction of the sample at 296 K, Figure 2.4, is consistent with the 
simulated pattern predicted from the single crystal X-ray diffraction data at 293(2) K, 
indicating that the solid sample is in the tetragonal crystal system (with the 4-fold 
symmetry).18 Indexing of powder X-ray diffraction data from the sample by the McMaille 
method also yielded the same tetragonal unit cell, Table 2.1. As in [Fe(TPP)Cl] (1), 
powders of 2 likely remain in the tetragonal crystal system at 2.1 and 5.1 K used to 
conduct INS studies. The INS data discussed below are also consistent with the solid 
sample with the 4-fold symmetry. 
[Mn(TPP)Cl] (2) is a d4 complex with S = 2. Its integer spin electronic ground state 
is split into three levels: MS = 0, 1, and 2. The ZFS parameter for 2 was first obtained 
by Behere and coworkers through magnetic susceptibility measurements.29 Using a 
single crystal they obtained D = -2.3(2) cm-1. When a powder sample was used, the D 
value obtained is -1.9 cm-1.29 [Mn(TPP)Cl] (2) is an “EPR silent” integer spin system and 
it was not until the use of high-field, high-frequency EPR (HFEPR) by Hoffman and 
coworkers that the ZFS of the complex could be probed to give the D  2.3 cm1.30 
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Figure 2.4.  (Top) Simulated diffraction pattern of [Mn(TPP)Cl] (2) single crystal data. (Bottom) Diffraction pattern of 2 
obtained from sample used for INS.
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The measured and theoretical INS spectra of [Mn(TPP)Cl] (2) are shown in Figure 
2.5. The small neutron incident energy (12.58 cm-1) excludes vibrational peaks. At 2.1 K 
there is only one large peak at 6.70(3) cm-1. When the temperature is increased to 5.1 K, 
a second peak becomes visible at 2.24(3) cm-1. As in the INS spectra of [Fe(TPP)Cl] (1), 
the sign of D can be determined directly using INS for complexes with S > 3/2. If its D 
value is positive (D > 0), the ZFS would take the spacings among the three levels as 
illustrated in Scheme 2.2-Top. At 2.1 K, the peak at 6.698(15) cm-1 would correspond to 
the 0  1 transition and equal to D. As the temperature is increased to 5.1 K, the 1 
level is populated, and a peak at 3D = 20.09 cm-1 corresponding to the 1  2 transition 
would be expected. If the D value is negative (D < 0), the ZFS would take the spacings 
among the three levels as illustrated in Scheme 2.2-Bottom. At 2.1 K, the peak at 
6.698(15) cm-1 would correspond to the 2  1 transition and equal to -3D. As the 
temperature is increased to 5.1 K, the 1 level is populated, and a peak at 2.23(3) cm-1 
(= -D) corresponding to the 1  0 transition would be expected. The fact that only the 
larger 2  1 transition is populated at the low temperature of 2.1 K in Figure 2.5 
indicates that the D value is negative. Thus, for 2, the INS study gives D = -2.24(3) cm-1. 
This value is similar to D = -2.3(2) cm-1 and D  2.3 cm1 that Behere et al.29 and Hoffman 
et al.30 reported, respectively. This D value for 2 is also close to D = -2.48(7) cm-1 for 
[Mn(TPP)(O2)] that does not have the C4v symmetry.31
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Figure 2.5.  (Left) INS spectra of [Mn(TPP)Cl] (2) using a 12.58 cm-1 incident neutron beam. (Right) Theoretical INS 
spectra of an S = 2 spin system with D = -2.24 cm-1. 
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2.3.3. [Mn(TPP)] (4) 
[Mn(TPP)] (4) is an air-sensitive, d5 complex. Unlike its chloride derivative 
[Mn(TPP)Cl] (2), there is no ligand in the axial position. Both 4 and its adducts [Mn(TPP)L] 
(L = THF, pyridine) and [Mn(TPP)L2] (L = toluene, pyridine) have been actively 
studied.23,31 ESR studies of [Mn(TPP)(py)] by Hoffman and coworkers gave DMn = ~0.55 
cm-1.31  
 Powder X-ray diffraction of the sample was conducted using an air-sensitive 
sample holder with a zero background plate, the pattern is shown in Figure 2.6. After 
removing the peak of the Mylar film at 2θ = 26.52, the peaks by [Mn(TPP)] (4) were 
indexed by the McMaille method to give a tetragonal unit cell (Table 2.1). 
The electronic ground state of [Mn(TPP)] (4) is split into three Kramers doublets: 
MS = 1/2, 3/2, and 5/2. If its D value is positive (D > 0), the ZFS would take the 
spacings among the three doublets as illustrated in Scheme 2.2. To our knowledge, ZFS 
of adduct-free 4 has not been reported. The measured and theoretical INS spectra for 4 
are shown in Figure 2.7. It is assumed that the solid sample remained in the tetragonal 
crystal system at 2.1-50 K, as no observable rhombic splitting(s) was observed. At 2.1 K, 
the peak for the 1/2  3/2 excitation is very prominent at 1.57(2) cm-1. At 5.1 K a 
second excitation peak is already visible at 3.14(2) cm-1 which corresponds to the 3/2  
5/2 excitation. For [Mn(TPP)] (4), the INS measurements are consistent with a positive 
D value and they give 2D = 1.57(2) cm-1 and thus D = 0.79(2) cm-1. 
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Figure 2.6.  (Top) Diffraction pattern of air-sensitive [Mn(TPP)] (4) using a Mylar film. (Bottom) Diffraction pattern of the 
Mylar film alone.
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Figure 2.7.  (Left) INS spectra of [Mn(TPP)] (4) using a 12.58 cm-1 incident neutron beam. (Right) Theoretical INS spectra 
of an S = 5/2 spin system with D = 0.79 cm-1. 
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2.3.4. [Cr(TPP)Cl] (3) 
Single crystal structure of [Cr(TPP)Cl] (3) or its powder X-ray diffraction pattern 
has not been reported. We have collected the powder X-ray diffraction of the sample at 
296 K, and the results are given in Figure 2.8. Indexing of the powder X-ray diffraction 
data from the sample by the McMaille method yielded an orthorhombic unit cell (10.6576 
Å, 8.5982 Å, 13.3577 Å), Table 2.1. In phase transformation of crystals, the trend is that 
at a lower temperature, crystals usually go to a lower symmetry phase.32 Thus it is unlikely 
that the sample solids transformed to the tetragonal crystal system at 2.1-50 K, 
temperatures at which INS data were collected. 
[Cr(TPP)Cl] (3) has a d3 configuration (S = 3/2). If the solids of the sample have a 
4-fold symmetry, the four states split into two Kramers doublets as shown in Scheme 2.2. 
To our knowledge, the ZFS for 3 has not been studied. However, using EPR 
spectroscopy, Hoffman and coworkers studied [CrTPP(Cl)(L)] (L = N, S, or O donors), a 
series of its adducts.33 |D| is ca. 0.156 cm-1 for N-donor ligands and 0.232 cm-1 for O- and 
S- donor ligands. The small D values are typical of other Cr(III) octahedral complexes, 
and this is mainly due to the small spin-orbital coupling of octahedral Cr(III) complexes. 
For an octahedral d3 complex with a t2g3 configuration, the electron distribution is 
essentially spherical, making its D value near zero.34 The largest D value recorded for a 
Cr(III) complex is the psuedooctahedral complex [Cr(dmpe)2(CN)I]+ [dmpe = 1,2-
bis(dimethylphosphino)ethane], |D| = 2.30 cm-1, that Long and coworkers reported.34
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Figure 2.8.  [Cr(TPP)Cl] (3): (Top) Diffraction pattern of the INS sample. (Bottom) Diffraction pattern of a sample 
recrystallized from methylene chloride. This pattern was indexed to a tetragonal phase which is similar to those of tetragonal 
[M(TPP)Cl] (M = Fe, 1; Mn, 2). 
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Figure 2.9 shows the experimental and theoretical INS spectra for [Cr(TPP)Cl] (3). 
The zero-field splitting for 3 is very small and almost at the limits for detection by CNCS.13 
A peak is clearly observed at 0.468(12) cm-1 which corresponds to the transition between 
the 3/2  1/2 levels. The value was calculated using the peaks at 10.2 and 50.0 K. As 
mentioned earlier and shown in Scheme 2.2, the sign of D for complexes with S = 3/2 
cannot be determined directly using INS. If the solids of the sample had a 4-fold 
symmetry, |2D| would equal 0.468(12) cm-1, and |D| would be 0.234(12) cm-1. Since the 
solids of the sample are in an orthorhombic crystal system, the peak at 0.468(12) cm-1 
includes both the axial (D) and rhombic (E) ZFS parameters, as shown in Eq. 2.1. As 
0.468(12) cm-1 is small and normally it is assumed that the ZFS parameters obey the 
relationship: |D|  3E  0,4a,28 the E value is likely very small as well. The fitting procedure 
of the observed excitation as described in the Experimental Section yields the range of 
|D| = 0.234(12)-0.203(12) cm-1 and the corresponding range E = 0.000-0.068(8) cm-1. 
These data indicate small zero-field splittings for this square pyramidal complex with a 
dxy1 (b21) and dxz1,dyz1 (e1) configuration. If a sample of [Cr(TPP)Cl] (3) in the tetragonal 
crystal system is available, it is expected that INS studies using this sample will give the 
|D| value. Then using the results from the current work, the E value may be calculated. 
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Figure 2.9.  (Left) INS spectra: [Cr(TPP)Cl] (3). Incident neutron energy: 8.06 cm-1. (Right) Theoretical INS spectra of an 
S = 3/2 spin system with D = 0.234 cm-1 and E = 0.
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2.4. Concluding Remarks 
 Magnetic excitations of metalloporphyrins have been probed for the first time by 
INS. Due to the small energy of these excitations, nondeuterated samples were used. A 
positive D value, 6.33(8) cm-1 for [Fe(TPP)Cl] (1) and 0.79(2) cm-1 for [Mn(TPP)] (4), were 
determined for the two S = 5/2 complexes. Typical of Mn(III) S = 2 complexes a negative 
D, -2.24(3) cm-1, was determined for [Mn(TPP)Cl] (2). For [Cr(TPP)Cl] (3), |D| = 0.234(12) 
cm-1, which is due in part to the spherical nature of the unpaired d electrons in this S = 
3/2 spin system.  
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Part 3 
 
Intermolecular Interactions in Solid-State 
Metalloporphyrins and Their Impacts on Crystal and 
Molecular Structures 
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This part is based on the following paper: 
Hunter, S. C.; Smith B. A.; Hoffmann, C. M.; Wang, X.; Chen, Y.-S.; McIntyre; G. 
J.; Xue, Z,-L, Intermolecular Interactions in Solid-State Metalloporphyrins and Their 
Impacts on Crystal and Molecular Structures. Inorganic Chemistry 2014, 53, 11552. 
 
Abstract 
Variable-temperature (VT) crystal-structure study of [Fe(TPP)Cl] (1, TPP2- = meso-
tetraphenylporphyrinate) and Hirshfeld surface analyses of its structures and previously 
published structures of [M(TPP)(NO)] (M = Fe, 5; Co, 6) reveal that intermolecular 
interactions are a significant factor in structure disorder in the three metalloporphyrins and 
phase changes in the nitrosyl complexes. These interactions cause, e.g., an 8-fold 
disorder in the crystal structures of [M(TPP)(NO)] at room temperature that obscures the 
M-NO binding. Hirshfeld analyses of the structure of [Co(TPP)(NO)] (6) indicate that the 
phase change from I4/m to P-1 leads to an increase in void-volume percentage, 
permitting additional structural compression through tilting of the phenyl rings to offset the 
close-packing interactions at the interlayer positions in the crystal structures with 
temperature decrease. X-ray and neutron structure studies of [Fe(TPP)Cl] (1) at 293, 143 
and 20 K reveal a tilting of the phenyl groups away from being perpendicular to the 
porphyrin ring as a result of intermolecular interactions. Structural similarities and 
differences among the three complexes are identified and described by Hirshfeld surface 
and void-volume calculations. 
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3.1. Introduction 
A key structural feature of the O2-free hemes in hemoglobin and myoglobin is that 
the active center contains a five-coordinate Fe-porphyrin. In both proteins, O2 binds to the 
iron atom, turning the five-coordinate heme into a six-coordinate complex. Five-
coordinate Fe-porphyrin systems1-3 such as [Fe(TPP)Cl] (1) (Figure 3.1) have thus been 
actively studied to provide insight into the physical and chemical properties of the 
hemes.4-10 The first reported structure of [Fe(TPP)Cl] (1) was incorrectly solved as 
[Fe(TPP)(OH)]∙(H2O) in the I4 space group.4a This structure was re-analyzed by Hoard et 
al. in the higher symmetry I4/m space group as [Fe(TPP)Cl] (1).4b Monoclinic [Fe(TPP)Cl] 
(1) crystals in the P21/n space group were obtained by Scheidt et al. through 
decomposition of [Fe(TPP)(NO)] (5) in a CH2Cl2 solution containing nitrate and nitrite 
ions.9 A structure of [Fe(TPP)Cl] (1) at 100 K, in the I4/m space group, was solved by 
Scheidt and coworkers.11 Most recently [Fe(TPP)Cl] (1) at 293 K was refined in the I4 
space group by Hadjikakou et al. with two superimposed independent molecules having 
different distances of the Fe atom to the plane defined by the four N atoms of the 
porphyrin.12 
 
 
Figure 3.1.  [Fe(TPP)Cl] (1) and [M(TPP)(NO)] (M = Fe, 5; Co, 6). 
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Nitric oxide (NO) is a vital cellular signaling agent in many physiological and 
pathological processes.13 Its coordination to heme proteins is involved in several 
fundamental processes such as neuronal communication,14 muscle relaxation,15 platelet 
deaggregation,16 and myocardial function.17 Five-coordinate Fe-NO porphyrins are active 
complexes in the signaling events. The nitrosyl metalloporphyrins [M(TPP)(NO)] (M = Fe, 
5; Co, 6) were first synthesized and characterized by Scheidt et al. about 40 years ago.18 
These two complexes, displaying tilted M-NO binding, provided the initial insight into the 
coordination chemistry of nitric oxide to metalloporphyrins. However, both complexes 
crystalize in the tetragonal I4/m space group with 8-fold disorder of the O atom in the NO 
ligand at room temperature, significantly obscuring the binding of NO to Fe or Co atoms 
and the structure features of the complexes.11,13g,18 Electronic and vibrational properties 
of the complexes and their structures, including the tilted binding and dynamics of the NO 
ligands on the complexes have also been studied.13d,19 Recently, the structures have 
been investigated by VT X-ray diffraction11,13g and DFT calculations.19a Both species were 
found to undergo a lowering of the space-group symmetry from tetragonal I4/m to the 
triclinic P-1, upon lowering of the temperature. From bond-length and angle analysis no 
clear benefit could be identified, and it is thus not obvious why the phase changes 
occur.11,13g 
We have studied VT X-ray and neutron structures of [Fe(TPP)Cl] (1) and used the 
Hirshfeld surface analysis for the crystal structures of [Fe(TPP)Cl] (1) and [M(TPP)(NO)] 
(M = Fe, 5; Co, 6). We chose these two nitrosyl compounds for comparison with 
[Fe(TPP)Cl] (1) where the symmetric Cl can be juxtaposed to the asymmetric NO ligand 
and iron can be contrasted to cobalt as the central atom. The Hirshfeld surface analysis, 
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recently developed by Spackman and coworkers, allows for the comparison of molecular 
structures by examining interactions of an individual molecule with its nearest neighbor 
molecules while maintaining a whole-of-molecule approach.20-22 A Hirshfeld surface is an 
isosurface calculated from the weight function w(r) of the sum of spherical atom electron 
densities (Eq. 3.1); 
 
𝑤(𝒓) =
𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒(𝒓)
𝜌𝑝𝑟𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙(𝒓)
= ∑ 𝜌𝐴(𝒓)/ ∑ 𝜌𝐴(𝒓)𝐴∈𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝐴∈𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒  (Eq. 3.1) 
 
where promolecule(r) is the sum of the molecular electron density over the atoms in the 
molecule of interest (the promolecule) and procrystal(r) is the similar sum over the crystal 
(the procrystal).20-22 
 
The isosurface separates a molecule (promolecule) from its nearest neighbors 
(procrystal) at a given density level. From the Hirshfeld surface, distances to the nearest 
atoms outside (external), de, and inside (internal), di, are readily defined, and the surface 
gives a visual 3-D representation of the intermolecular close contacts in the crystal. Using 
the de,di pairs, the Hirshfeld surface can be reduced to a 2-D histogram, giving a unique 
fingerprint plot for intermolecular interactions in the crystal.21,22 Void volumes in the crystal 
can be readily determined using the same isosurfaces of electron density, by looking at 
areas in the crystal where the electron density is the lowest.23 Other earlier methods, in 
comparison, rely on the approximation of a molecule as a set of fused spheres with van 
der Waals radii and are thus limited in scope.20-23 Hirshfeld surface analysis has been 
used to explore permanent voids, cavities, and channels in porous materials such as 
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MOFs (Metal-Organic Frameworks) and COFs (Covalent Organic Frameworks).23 
Hirshfeld surface analysis is an excellent tool to compare compounds with respect to their 
molecular environment and interactions independent of the overall space group 
symmetry. The Hirshfeld surface and void volume analyses of the crystal structures of 
[Fe(TPP)Cl] (1) and [M(TPP)(NO)] (M = Co, 6; Fe, 5) in the current work provide an 
understanding of their crystal and molecular structures at room and lower temperatures 
and, more importantly, the phase changes in [M(TPP)(NO)]. These analyses show that 
intermolecular interactions lead to the observed disorders at room temperature in 
[M(TPP)(NO)] and their phase changes at lower temperatures, affecting both their 
structures and the dynamics of the NO ligand rotation. Without the use of Hirshfeld 
analyses, it is difficult to describe the structure changes in the nitrosyl complexes in a 
comprehensive manner, as the phase changes involve different space groups (I4/m  
P-1).11,13g 
 Part of the research reported here, mainly the collection of X-ray and neutron 
diffraction data for [Fe(TPP)Cl] (1), was performed by Brenda A. Dougan, a previous 
member of our group. Her synthesis of 1, diffraction data collection, and structure 
determination are copied below so the work is presented in its entity. The diffraction data 
have been reanalyzed in the current work using the Hirshfeld surface analysis. 
 
3.2. Experimental 
3.2.1 Synthesis24 
[Fe(TPP)Cl] (1), purchased from Strem Chemicals, and solvents (Analytical 
Reagents) were used without further purification. [Fe(TPP)Cl] (1) was also prepared by 
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modified published procedures.4b Wet chloroform was prepared by adding water to 
chloroform (Certified ACS), and the mixture was shaken and then allowed to settle. Wet 
chloroform at the bottom was then removed for the use below. 
 [Fe(TPP)Cl] (1) (0.05 mmol) was dissolved in wet chloroform (4 mL) and layered 
with a 1:3 wet chloroform:absolute ethanol mixture (4 mL). The sample container was 
sealed with parafilm. After the layers had completely diffused together - in ca. 5-7 days - 
the solution was allowed to evaporate very slowly for ca. additional 7 days. Crystals of 
sizes up to 1  2  2 mm3 were observed and collected. This procedure gave consistently 
disordered crystals with a slight asymmetric occupancy (ca. 0.40:0.60) of the Fe-Cl part, 
as discussed below. 
 
3.2.2 Diffraction Data Collection 
X-ray diffraction data at 293(2) and 143(2) K were collected on a Bruker AXS Smart 
1000 X-ray diffractometer equipped with a CCD area detector and a graphite-
monochromated Mo source (K radiation, 0.71073 Å) and fitted with an upgraded Nicolet 
LT-2 low-temperature device (SMART APEX II systems; Precision Cryogenic Systems 
Inc.). A suitable crystal of size 0.50  0.20  0.10 mm3 was coated with Paratone-NTM oil 
(Exxon Chemical Americas, Houston, Texas) and mounted on a glass fiber.  
The lowest temperature synchrotron X-ray diffraction data were collected on 
another crystal at 20(2) K on a Bruker D8 diffractometer on the ChemMatCARS beam 
line at the Advanced Photon Source/Argonne National Laboratory (APS/ANL).25 The 
diffractometer is equipped with a Bruker 6000 CCD detector. The crystal was coated with 
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Paratone-NTM oil (Exxon) and mounted on a glass fibre and measured under a stream of 
helium at 20(2) K. 
Global refinements for the unit cell and data reduction were performed with the 
SAINT program for the X-ray diffraction data collected at 293(2) K and 143(2) K.26 Cell 
refinement and data reduction for the X-ray data at 20(2) K were carried out using the 
APEX2 program package.27 Empirical absorption correction was performed with 
SADABS.28 The space group for structure solution and refinement was determined from 
systematic absences using XPREP.26  
Neutron diffraction data of [Fe(TPP)Cl] (1) were collected at 20(0.2) K on a 1.5  
1.0  1.0 mm3 tetragonal bipyramidal crystal on the four-circle diffractometer D9 at the 
Institut Laue-Langevin, Grenoble, France, in a beam of wavelength 0.8387(2) Å obtained 
by reflection from a Cu(220) monochromator. D9 is equipped with a small two-
dimensional area detector, whose main advantage for this measurement was to allow 
optimal delineation of the peak from the considerable background due to the large 
proportion of H atoms in this sample.29 To avoid strain while cooling, the crystal was 
wrapped in Al foil before being glued to a V pin and mounted in a closed-cycle He 
refrigerator. Two equivalents of most unique reflections to 0.68 Å-1 in sin/ were collected 
at 20(0.2) K. For all data, background corrections following the method of Wilkinson et 
al.30 as well as Lorentz corrections were applied. Absorption corrections were made by 
Gaussian integration using the calculated attenuation coefficient  = 0.112 mm–1, with 
account taken of the absorption for hydrogen atoms31,32 with transmission range 0.852-
0.891. A total of 1901 independent reflections were collected.31,32 
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3.2.3. Structure Determination  
X-ray structures of [Fe(TPP)Cl] (1) at 293, 143, and 20 K were solved by direct 
methods using SHELXS and refined using the SHELXTL proprietary software package.33 
The neutron structure at 20 K was refined using SHELX97.33 Non-H atoms in all data and 
the H atoms in the neutron data were refined with anisotropic displacement parameters. 
C and H atoms in the disordered phenyl ring were refined with distance constraints. For 
the X-ray data, H atoms were placed at calculated positions, with isotropic displacement 
parameters constrained to the equivalent isotropic displacement parameters of the 
connected C atoms [Uiso(H) = 1.2Ueq(C)]. The structures were checked using PLATON.34 
Crystal data and structural refinement details are given in Table 3.1.  Bond lengths and 
angles are given in Table 3.2. 
 
3.2.4. Hirshfeld Surface Calculations 
Hirshfeld surfaces, fingerprint plots, and void volumes were calculated using 
CrystalExplorer (version 3.1) software from the crystal-structure coordinates supplied in 
the format of crystallographic information file (CIF).35 The X-ray CIF files of [Fe(TPP)Cl] 
(1) from the current work and in the literature were used.9a,11,12 For [Fe(TPP)(NO)] (5) and 
[Co(TPP)(NO)] (6), the published CIFs were used.13g,11 Hirshfeld surfaces were 
calculated at an isovalue of 0.5 e au-3. Void volumes were calculated using an isovalue 
of 0.002 e au-3.23 
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3.3. Results and Discussion 
3.3.1. Crystal and Molecular Structures of [Fe(TPP)Cl] (1) at 293, 143, and 20 K24   
For detailed structure comparison, it is important to look at the specific point group 
symmetry of the molecules with respect to the overall structure symmetry. The Fe(III) ion 
in the [Fe(TPP)Cl] (1) molecule is five-coordinated with apical Cl and four N of the planar 
porphyrin ligand on the mirror plane perpendicular to the c-axis. Due to the asymmetric 
coordination, the Fe atom moves about 0.39 Å out of the porphyrin plane towards the Cl 
atom to give an idealized C4v point-group symmetry. The porphyrin plane holds four 
phenyl rings at 90 to the plane. For the crystal structure reported in the I4/m space 
group,4b the origin (0,0,0) is at the center of the planar porphyrin with overall idealized C4h 
point-group symmetry. The crystal site symmetry at the origin is higher than the C4v 
symmetry for a single ordered [Fe(TPP)Cl] (1) molecule. The apparent higher site 
symmetry imposes a 50:50 disorder of the axial Fe-Cl part above and below the porphyrin 
plane in the I4/m structure. Since the porphyrin ring of the TPP2- ligand is rigid and prefers 
planar symmetry with all atoms located on the mirror plane,36 it leaves only two C (and 
the associated H) atoms of the connected phenyl rings on the general positions above 
and below the mirror plane to respond freely to physical restraints imposed by decreasing 
temperature and rotate with respect to the porphyrin plane. 
The [Fe(TPP)Cl] (1) X-ray structure at 293 K (Figure 3.2a) can be refined in space 
group I4/m in full agreement with the previously reported room-temperature structure4b 
but we found that the crystal structure refinement significantly improves in the space 
group I4 with a decrease in R1 value from 0.0620 to 0.0318. At this temperature the 
porphyrin ring is perpendicular to the c axis within error. The disordered Fe-Cl part above 
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and below the porphyrin plane shows a slight asymmetry in distance from the porphyrin 
plane (0.33 Å vs. 0.49 Å) and occupancy [0.363(1):0.637(1)], deviating significantly from 
the 0.5:0.5 ratio imposed by the C4h site symmetry in I4/m. At 143 K the mean tilt of the 
phenyl group plane in I4 is 2.8(1). The refined residual values in I4 are R1 = 0.0481 and 
wR2 = 0.1487. The X-ray structure at 20 K was refined against extensive high-resolution 
synchrotron data and the agreement indices R1, wR2 [I > 2(I)], S are 0.0352, 0.1092, 
1.004, respectively. The site-occupancy ratio for the disordered Fe-Cl part was refined to 
0.4084(5):0.5916(5). The phenyl-ring tilt follows the Fe-Cl disorder distribution, and the 
mean planes of the two disordered phenyl groups are now tilted 6.8(1) for the major 
component and 7.7(2) for the minor component, respectively. As shown in Figure 3.4, 
the phenyl rings tilt away from the chloride ligand, a point discussed later.  
The neutron structure at 20 K confirms the I4 space group symmetry with 
comparable residual values of R1 = 0.0399, wR2 = 0.0757 and S = 1.137. The 
coordinates, equivalent isotropic displacement parameters, and the bond lengths and 
angles for the non-H atoms are within three combined standard deviations of those 
calculated from X-ray diffraction data at 20 K. The observed tilt angle of the phenyl ring 
away from the c axis is 6.74(9) and 10.7(3) for the major and minor components, 
respectively. The small differences between the X-ray and neutron refinements might be 
explained by our use of a larger crystal from a different batch for the latter. Figure 3.4 
demonstrates the two configurations of the Fe-Cl part with a slightly asymmetric tilting of 
the phenyl rings away from the c axis at 20 K, breaking the mirror symmetry in the ab 
plane. 
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In contrast to the reported structure of [Fe(TPP)Cl] (1) in I4/m at 100 K,11 the 
uneven, ca. 40/60, distribution of the disordered Fe-Cl part on both sides of the porphyrin 
plane in our structures reveals that the true structure symmetry is I4. In addition, the large 
number of high-resolution data collected at the synchrotron source at 20 K, especially the 
high-angle data, allow a better determination of the thermal vibrations than the lower-
resolution data using a typical home-source X-ray diffractometer, and refines more 
accurately the occupancy ratio of the disordered Fe–Cl group, vide supra. 
Our VT study also revealed the nature of a static disorder of the porphyrin ligand. 
The out-of-plane phenyl C atoms (C7, C8, C10, and C11) were found disordered in two 
positions about a common plane parallel to the c axis. The disorder becomes noticeable 
at 143 K and evident at 20 K, as shown in Figure 3.5. Examining the thermal-ellipsoid 
elongation parallel to the mirror plane by the ratio of Umax/Umin further elucidates the trend 
of distortion of the refined structure model. The variation of the displacement parameters 
with temperature is plotted in Figure 3.6. The ratio in I4/m increases from 2.48 at 293 K 
to 2.64 at 143 K and doubles to 5.34 at 20 K. However, Umax/Umin in the refinements in I4 
increases at a negligible rate (2.53293K, 2.63143K, 2.8320K) over the same temperature 
range. This supports the symmetry I4 with a static disorder model especially at the low 
temperature. Alternatively, this trend can be described by the distances between the 
disordered pairs of carbon atoms C7 and C7′, and C8 and C8′. There is no apparent 
separation at 293 K, while the distance between C7 and C7′ (as well as C8 and C8′) 
increases to 0.053 Å at 143 K and further to ca. 0.16 Å at 20 K. The increase in separation 
distance d (Å) with cooling and the “freezing out” of the atomic  
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Table 3.1.  Comparison of crystal data and structural refinement (chemical formula: FeN4C44H28Cl; Mr: 704.00). 
Space group I4/m I4 I4/m I4 I4 I4 
Temperature (K) 293(2) 143(2) 
13.504(3) 
9.731(10) 
1774.5(19) 
2 
20(2) 20(2) 
a (Å) 
c (Å) 
13.5374(2) 
9.8247(2) 
1800.49(5) 
2 
13.4830(5) 
9.6849(6) 
13.4761(6) 
9.6889(6) 
V (Å3) 1760.63(14) 1759.56(16) 
Z 2 2 
Radiation type Mo K Mo K Synchrotron Neutron 
Wavelength (Å) 0.71073 
 0.530  
0.71073 0.41328 0.83880(2) 
 (mm-1) 0.538 0.288 0.112 
Crystal size (mm3) 0.70 × 0.20 × 0.10 0.50 × 0.20 × 0.10 0.04 × 0.04 × 
0.04 
1.50 × 1.00 × 
1.00 
No. of measured, 
unique and observed [I 
> 2(I)] reflections 
9622, 1154, 
1099 
9622, 2120, 
2015 
7976, 1106, 
1009 
7973, 2002, 
1772 
36372, 11751, 
10231 
1893, 1263, 
1045 
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Table 3.1.  Continued       
Space group I4/m I4 I4/m I4 I4 I4 
Rint 0.0169 0.0165 0.0593 0.0536 0.0488 0.0286 
R [F2 > 2(F2)], wR(F2), 
S 
0.0620,  
0.1627, 
1.291 
0.0318, 
0.0885, 
1.059 
0.0749, 
0.2113, 
1.229 
0.0481, 
0.1487, 
1.062 
0.0352,  0.1092,  
1.004 
0.0399,  
0.0757, 
1.137 
No. of reflections 1154 2120 1106 2002 11751 1263 
No. of parameters 74 119 74 120 136 194 
No. of restraints 0 1 0 1 18 52 
ρmax, ρmin (e Å-3 or fm 
Å-3) 
0.259, -0.253 0.213, -
0.261 
0.489, -0.396 0.427, -0.316 0.707, -0.512 0.543, -1.114 
Fe-Cl occupancy: 
Minor:Major 
 0.363(1):0.6
37(1) 
 0.367(2):0.63
3(2) 
0.4084(5):0.591
6(5) 
0.39(2):0.61(2) 
 
Computer programs: Bruker APEX2, Bruker SAINT, SHELXL97,27 Bruker SHELXTL.
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Figure 3.2.  ORTEP drawings of the asymmetric unit of [Fe(TPP)Cl] (1) in I4 from X-ray 
diffraction. Thermal ellipsoids are drawn at the 30% probability level. H atoms were 
omitted for clarity. Disordered atoms are drawn in dash lines. 
(a) 293 K 
 
 
(b) 143 K 
 
 
(c) 20 K 
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Figure 3.3.  Stacking plot of [Fe(TTP)Cl] (1) at 293 K showing the disorder of Fe−Cl 
along the c axis (red: Fe, blue: N, green: Cl, gray: C). 
 
 
positions is also displayed in Figure 3.6. The disorder behavior of C10 and C11 mirrors 
that of C7 and C8 and is therefore not described separately.  
The cell volume and parameters decrease as expected from 1800.49(5) Å3 at 293 
K [a = 13.5374(2) Å, c = 9.8247(2) Å], to 1774.5(19) Å3 at 143 K [a = 13.504(3) Å, c = 
9.731(10) Å, and 1760.63(14) Å3 at 20 K [a = 13.4830(5) Å, c = 9.6849(6) Å]. However, 
the percentage decrease in the c axis (1.4% from 293 to 20 K) is three times as large as 
the percentage decrease in the a axis, as a consequence of the tilting of the phenyl rings, 
allowing a tighter layer packing along the c axis.  
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Figure 3.4.  Plot of the disorder in phenyl groups of [Fe(TPP)Cl] (1) at 20 K (X-ray). 
Filled or empty spheres represent the associated or opposing phenyl rings, respectively. 
 
 
 
 
 
 
 
 
 
 
 
Blue: 0.4073(6)  
Red: 0.5927(6) 
Occupancy/configuration: 
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Figure 3.5.  Diagram overlapping the X-ray structures of 1 refined in I4 and I4/m at (a) 
293 K, (b) 143 K and (c) 20 K. The phenyl groups in gray are in the plane perpendicular 
to the porphyrin ring as defined by the I4/m symmetry. The phenyl groups in green are 
tilted out of plane, in the lower symmetry I4. Thermal ellipsoids of Fe, Cl and N atoms 
and the disordered phenyl C atoms are shown at the 30% probability level. The 
disordered C atoms are plotted in gray for the I4/m and green for the I4 refinement for 
the 20 K structure. H atoms are omitted for clarity. 
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Figure 3.6.  Graph showing changes, with temperature, of the thermal-ellipsoid 
distortion ratio (Umax/Umin) in I4/m and I4 (left axis) and the C7–C7′ and C8–C8′ 
distances of the phenyl ring (right axis). 
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Table 3.2.  Comparison of bond lengths (Å) and angles () of [Fe(TPP)Cl] (1) from X-ray 
diffraction at 20, 143, and 293 K in I4. 
 
Temperature (K) 293 143 20 
Fe∙∙∙Fe 0.779(1) 0.791(2) 0.7891(3) 
Fe-Cl1 2.191(3) 2.175(5) 2.2004(5) 
Fe-N1 2.049(1) 2.052(2) 2.0581(3) 
N-C1 1.380(2) 1.382(2) 1.3826(4) 
N-C4 1.381(2) 1.384(2) 1.3833(4) 
C3-C4 1.435(2) 1.439(2) 1.4430(5) 
C4-C5 1.394(2) 1.401(2) 1.4014(5) 
C5-C6 1.497(2) 1.502(2) 1.4968(4) 
Fe1-N-C1 126.31(9) 126.32(12) 126.22(2) 
Fe1-N-C4 126.34(9) 126.41(12) 126.20(2) 
C1-N-C4 105.87(10) 105.72(14) 105.91(3) 
C3-C4-C5 124.60(13) 124.70(16) 124.23(3) 
N-C4-C5 125.73(12) 125.45(16) 125.73(3) 
C4-C5-C6 117.51(12) 117.41(16) 117.93(3) 
C5-C6-C7 120.2(2) 120.4(3) 121.1(2) 
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Table 3.3.  Hydrogen bonds from neutron data of [Fe(TPP)Cl] (1) at 20 K 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
 (Å)  (Å)  (Å)  (deg) 
 C(7)-H(7)...C(3)#9     1.092(9) 2.780(13) 3.632(7) 134.8(9) 
 C(8)-H(8)...C(1)#9       1.095(19) 2.86(2) 3.826(6) 146.5(12) 
 C(8)-H(8)...N(1)#9       1.095(19) 2.80(2) 3.788(5) 150.0(16) 
 C(8)-H(8)...Cl(2)#10      1.095(19) 2.605(15) 3.274(6) 118.6(10) 
 C(10)-H(10)...Cl(1)#10  1.073(14) 3.061(13) 3.452(5) 102.2(8) 
 C(10)-H(10)...C(1)#10   1.073(14) 2.736(15) 3.766(6) 160.9(12) 
 C(11)-H(11)...C(3)#10   1.085(12) 2.795(15) 3.668(7) 137.4(10) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y,z    #2 y,-x,z    #3 -y,x,z    #4 x,y,z+1  
#5 -x,-y,z+1    #6 -y,x,z+1    #7 y,-x,z+1    #8 x,y,z-1  
#9 -x+1/2,-y+1/2,z+1/2    #10 -x+1/2,-y+1/2,z-1/2  
#11 y,-x+1,z
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3.3.2 Hirshfeld Surface Analysis of the Crystal Structures of [Fe(TPP)Cl] (1) 
Crystal structure analyses above indicate a gradual hardening of the phenyl-ring 
position into two distinct conformations with cooling. Hirshfeld surface analyses of the 
current and previously reported I412 and P21/n structures9 have been used to provide 
further insight. 
Hirshfeld surfaces of our crystal structure of [Fe(TPP)Cl] (1) at 293 K are given in 
Figure 3.7. Such surfaces at 143 and 20 K are given in Figure 3.8, revealing the 
development of close-contact sites with temperature. The Hirshfeld volume and surface 
area of our 293 K structure, 888.55 Å3 and 677.40 Å2, respectively, are very similar to 
893.18 Å3 and 677.52 Å2 of the reported I4 structure at 293 K.12 The reported monoclinic 
P21/n structure,9a used as a baseline comparison here, is more compact with a 
significantly smaller Hirshfeld volume and surface area, 840.26 Å3 and 655.38 Å2, 
respectively.9a The fingerprint plots for our room-temperature I4 and the monoclinic P21/n 
structures in Figures 3.9a-9b (H···H close contacts) and 3.9c-9d (Cl···H close contacts) 
reveal distinctly different shapes, reflecting the molecular stacking of parallel layers for 
the former and a herringbone arrangement for the latter. The Cl···H contacts are further 
apart in the monoclinic structure and contribute significantly less to the Hirshfeld surface 
than those in the tetragonal structure (Figure 3.11). A less-strained monoclinic structure 
is favored by larger axial Br- and I- ligands {[Fe(TPP)Br] in P21/c;37  [Fe(TPP)I] in P21/n38}. 
Tetragonal structures predominate for smaller halides F- {in [Fe(TPP)F]39} and Cl-. 
It has been reported that the phenyl rings tilt in the structure of [Co(TPP)Cl] as a 
result of intermolecular interactions.40 We have investigated how phenyl rings tilt in the 
iron analog [Fe(TPP)Cl] (1) and separated two phenyl tilt options,41 towards or away from 
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the Cl ligand, in our 20 K X-ray structure to give two Hirshfeld fingerprint plots 
emphasizing close intermolecular Cl···H contacts (Figure 3.12). The plots show two 
significantly different contacts: (a) 2.7018 Å (Figure 3.12a) with a void volume of 336.24 
Å3 when the phenyl rings tilt towards the chloride; (b) 3.966 Å (Figure 3.12b) with a void 
volume of 325.51 Å3 when the phenyl rings tilt away from the chloride. The larger void 
volume in (a) accompanies the shorter contact of 2.7018 Å. This distance is smaller than 
the sum of the Van der Waal radii of H (1.20 Å) and Cl (1.75 Å) atoms,42 and the close 
proximity prohibits further tilting and compression. The opposite tilting in (b) provides a 
comfortable distance and has room for further tilt. Both considerations make the 
configuration in (a) unlikely and prefer (b) where the Cl and H atoms are further away 
from each other. 
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Figure 3.7.  Hirshfeld surface of [Fe(TPP)Cl] (1) showing normalized close distances of 
the pro-molecule and neighboring molecules at 293 K. Semi-transparent showing the 
enclosed molecule. 
(a) Hirshfeld surface of the pro-molecule  
Red-white-blue coloring 
scheme shows decreasing 
contacts.20 
 
      Site of close contact 
 
      Intermolecular C···H and     
      H···H close contacts.   
 
 
(c) View down the c axis   
(b) View down the b axis   
(c) View down the c axis   
(d) View down the a axis   
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Figure 3.8.  Hirshfeld surfaces of [Fe(TPP)Cl] (1) at 293, 143 and 20 K. The surface at 
293 K is shown in Figure 3.7 and is reproduced here for comparison. 
 (a) 293 K, I4  
(c) 20 K, I4 
(b) 143 K, I4 
Close Cl···H Close C···H and H···H 
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Figure 3.9.  Hirshfeld fingerprint plots for the [Fe(TPP)Cl] (1) structures at 293 K in P21/n9a 
and I4 from the current work. The closest contacts correspond to the minimum values of 
de+di in each plot, e.g., 2.8 Å for Cl···H in (c) and 2.9 Å for Cl···H in (d). 
H···H close contacts (blue) 
below 
Cl···H close contacts (blue) below 
(a) P21/n
9a 
(b) I4, 0.363:0.637 disorder   
(c) P21/n
9a (d) I4, 0.363:0.637 disorder   
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Figure 3.10.  (a)-(b) Hirshfeld fingerprint plots showing the H···H close contacts in blue 
for the two tetragonal room temperature crystals. (c)-(d) Plots showing the Cl···H close 
contacts in blue for the two tetragonal room temperature structures of [Fe(TPP)Cl] (1). (a) 
and (c): I4, 0.50/0.50 disorder involving two independent molecules;12 (b) and (d): I4, 
0.363/0.637. The two I4 structures are nearly identical, except for the Cl···H contacts. The 
0.50/0.50 structure has closer intermolecular Cl···H contacts (~2.8 Å) than that (~3 Å) in 
the 0.363/0.637 structure. 
Blue: H···H close contacts in (a), (b) 
Blue: Cl···H close contacts in (c), (d) 
(c) I4, 0.50/0.50 disorder (d) I4, 0.363/0.637 disorder 
(a) I4, 0.50/0.50 disorder (b) I4, 0.363/0.637 disorder 
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Figure 3.11.  Percentage contributions to the Hirshfeld surface area for the various close 
intermolecular contacts in the three room-temperature crystal structures of [Fe(TPP)Cl] 
(1). 
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Figure 3.12.  Hirshfeld fingerprints of Cl···H close contacts in the X-ray [Fe(TPP)Cl] (1) 
structure at 20 K in I4 with parts of Figure 3.4 reproduced, indicating that the configuration 
in (b) is preferred.41 
  
(a) Fe1-Cl1, Phenyls (b) Fe1-Cl1, Phenyls  
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3.3.3. Hirshfeld Surface Analysis of the Crystal Structure of [Co(TPP)(NO)] (6)   
VT studies have been published on crystal structures of [Fe(TPP)(NO)] (5) and 
[Co(TPP)(NO)] (6),11,13g,18 focusing on the structural disorder of the NO ligand at room 
temperature and gradual ordering of the NO ligand with cooling, resulting in a phase 
change with symmetry lowering from I4/m to P-1.11,13g Hirshfeld surface area and volume 
for [Co(TPP)(NO)] (6) change little and contract only 1.3% and 2.5%, respectively, with 
decreasing temperature, despite the phase change and the reduction in the disorder of 
the nitrosyl ligand (Table 3.4). Close to the phase transition at 195 K, significant 
intermolecular contacts between the nitrosyl oxygen and the hydrogen atoms on the 
phenyl rings of the adjacent molecules are noticeable (Figure 3.13a, red spots). After the 
phase transition (Figure 3.13b), a decrease in these close intermolecular contacts is 
immediate and obvious. In the tetragonal I4/m phase, the NO ligand is disordered in four 
positions above and four positions below the porphyrin plane, a total of eight-fold disorder. 
The disorder is taken into account for the Hirshfeld surface calculations according to 
McKinnon et al.22 The nearest O···H contacts (~2.5 Å) in P-1 are further away than the 
close contacts (~2.3 Å) in I4/m (Figure 3.14). This decrease in intermolecular contacts 
can be explained by the tilting of the phenyl rings which in effect traps the disordered NO 
ligand. By 180 K, the disordered NO ligand is trapped into a single position above and 
below the porphyrin plane, which are related to each other by an inversion center. This 
phase change in [Co(TPP)(NO)] (6) is abrupt, immediately increasing both the Hirshfeld 
surface and void volume by more than 1%. The void-volume percentage in the cell 
increases from 15.42% at 195 K before to 16.47% at 190 K after the phase transition 
(Table 3.4, Figure 3.15). 
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Table 3.4.  Comparison of the Hirshfeld surfaces and void volumes 
Complex Temperature 
(K) 
Space 
group 
Hirshfeld volume 
(Å3) 
Hirshfeld 
area (Å2) 
% of the void volume in 
the cell volume 
[Fe(TPP)Cl] (1) 293 K I4 888.55 677.40 17.21 
- 143 K I4 875.55 674.85 16.42 
- 100 K11 I4/m 865.71 668.79 15.84 
- 20 K I4 868.02 674.29 10.19 
[Co(TPP)(NO)]11 (6) 250 I4/m 854.01 663.56 15.27 
- 195 I4/m 859.31 667.66 15.42 
- 190 P-1 868.55 671.18 16.47 
- 180 P-1 855.31 664.72 16.20 
- 100 P-1 833.01 655.22 14.71 
[Fe(TPP)(NO)]13g (5) 293 K I4/m 875.44 675.08 16.16 
- 180 K P-1 860.04 668.09 16.00 
- 90 K P-1 849.32 664.76 15.14 
- 33 K P-1 845.26 663.53 14.79 
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Figure 3.13.  Hirshfeld surfaces for the crystal structures of [Co(TPP)(NO)] (6) at 250, 195, 190, and 100 K.
(c) 190 K, P-1   (d) 100 K, P-1   
(b) 195 K, I4/m  (a) 250 K, I4/m   
Close O···H contacts Close C···H and H···H 
contacts 
Close N···H contacts 
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Figure 3.14.  Hirshfeld fingerprint plots of [Co(TPP)(NO)] (6) (O···H close contacts). 
(a) 250 K, 8-fold disorder   (b) 200 K, 8-fold disorder (c) 195 K, 8-fold disorder 
(d) 190 K, 4-fold disorder (e) 180 K, 2-fold disorder (f) 100 K, 2-fold disorder 
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Figure 3.15.  The voids of [Co(TPP)(NO)] (6) at 195 K (left, I4/m) and 190 K (right, P-1) 
using an isovalue of 0.002 e au-3. 
 
A contraction of the crystal lattice is expected with cooling. This is apparent in the 
relative contributions of the close intermolecular contacts to the Hirshfeld surface (Figure 
3.16). The percent H···H and C···H close contacts gradually increase with decreasing 
temperature. Interestingly, after the phase change, the percent O···H close contacts are 
reduced while the N···H close contacts are increased significantly, signifying the ordering 
of the nitrosyl ligand with the phenyl tilt. The closest N···H contacts are 2.957 Å before 
the phase change and 2.696 Å after the phase change (Figure 3.17).  
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Figure 3.16.  Percentage contributions to the Hirshfeld surface area for various 
intermolecular close contacts for [Co(TPP)(NO)] (6) molecules. 
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Figure 3.17.  Hirshfeld fingerprint plots of [Co(TPP)(NO)] (6) (N···H close contacts).
(d) 190 K, P-1 
(a) 250 K, I4/m (b) 200 K, I4/m (c) 195 K, I4/m 
(e) 180 K, P-1 (f) 100 K, P-1 
Blue: N···H close contacts 
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3.3.4. Hirshfeld Surface Analysis of the Crystal Structure of [Fe(TPP)(NO)] (5) 
Crystal structures of [Fe(TPP)(NO)]13g (5) and [Co(TPP)(NO)]11 (6) are 
isomorphous. Unlike [Co(TPP)(NO)] (6) with a clear phase change at 190-195 K,11 the 
change in [Fe(TPP)(NO)] (5) is gradual.13g Hirshfeld fingerprint plots showing the 
intermolecular close contacts are given in Figure 3.19. The Hirshfeld surface area and 
volume for [Fe(TPP)(NO)] (5) only slightly contract, by 1.7% and 3.4% respectively, with 
cooling. At 293 K, the 4-fold disorder of the NO ligand leads to very close contacts with 
four adjacent phenyls (red areas in Figure 3.18a). The tilted four phenyl groups 
surrounding the NO ligand below the phase change at 33 K are shown in Figure 3.20. 
The top is a view along the c axis with all four rings, and the left shows the phenyl rings 
A and B parallel to the nitrosyl ligand. The closest H atoms on the A and B phenyl rings 
are equal in distance (2.8130 and 2.8133 Å, respectively) to the O atom on the nitrosyl 
ligand. However, the N atom of the nitrosyl ligand is much closer to the H atom on B 
(2.5609 Å) than to the H atom on A (3.4074 Å). The structure on the right shows the 
phenyl rings C and D, perpendicular to the nitrosyl bond. The tilting of D towards the 
nitrosyl leads to a short distance (2.6411 Å) of its nearest H atom to the O atom and a 
fairly long distance (3.3095 Å) to the N atom. In C, the opposite is true, the nearest H 
atom is much closer to the N atom (2.6874 Å) than to the O atom (3.1594 Å). 
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Figure 3.18.  Hirshfeld surfaces of the crystals of [Fe(TPP)(NO)] (5) at 293, 180 and 33 
K.
(b) 180 K, P-1  
(c) 33 K, P-1  
(a) 293 K, I4/m  
Close O···H contacts 
Close C···H and H···H 
contacts 
Close N···H contacts 
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Figure 3.19.  Hirshfeld fingerprint plots of [Fe(TPP)(NO)] (5) at 293 K, 180 K, and  33 K.  
Blue: O···H close contacts for (a), (b) 
(c) 33 K, P-1 (b) 180 K, P-1 (a) 293 K, I4/m  
(d) 293 K, I4/m  (e) 180 K, P-1 (f) 33 K, P-1 
Blue: N···H close contacts for (d), (e) 
and (f) 
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Top 
 
 
Figure 3.20.  The phenyl-ring tilt in [Fe(TPP)(NO)] (5) at 33 K. (Top) Phenyl rings 
surrounding a NO ligand. (Left) Tilting of the phenyl rings A and B which are parallel to 
the nitrosyl bond. Phenyl rings C and D and other atoms are omitted for clarity. (Right) 
Tilting of the phenyl rings C and D which are perpendicular to the nitrosyl bond. Phenyl 
rings A and B and other atoms are omitted. 
N atom 
O atom 
H atom 
C atom 
Fe atom 
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3.3.5. Comparison of the Hirshfeld Surface Analyses of [M(TPP)X] (M = Fe, X = Cl, 
1; M = Co, 6; Fe, 5; X = NO) 7 [Co(TPP)(NO)] (6), the characteristic increase of the 
Hirshfeld volume or void-volume percentage after the phase change from I4/m to P-1 in 
[Fe(TPP)(NO)] (5) could not be observed. The Fe(III) ion is slightly larger than the 
Co(III) ion.43 As a result, the Fe-ligand bonds in [Fe(TPP)(NO)] (5) are less ionic than 
those in [Co(TPP)(NO)] (6), perhaps leading to the structural softness in the former. 
More importantly, the phase change in both nitrosyl complexes involves phenyl 
tilting as in [Fe(TPP)Cl] (1). Independent of the symmetric (Cl) or asymmetric (NO) apical 
ligand, the tilting is associated with cooling and plays a noticeable role in the ability of 
these metalloporphyrins to structurally compress. In the previous, traditional structural 
analyses (without considering the Hirshfeld surface analysis), the phenyl contribution to 
the phase change is overshadowed by the disorder in the asymmetric NO ligands. 
 
3.4. Concluding Remarks 
Metalloporphyrins have been studied intensely for decades. The basic structural 
analyses, typically focused on bond distances and angles, do not show significant 
changes in these parameters with cooling or phase changes. Such analyses, however, 
hardly reveal “available space” found in voids that become important to explain options 
for structural compression and phase changes. Furthermore, it has proved difficult to use 
the structural analyses when significant symmetry changes accompany phase changes. 
Hirshfeld analysis is employed in the current work to showcase how conformational 
changes appear in the molecular structures and to identify driving forces for such changes 
that are otherwise not obvious as a result of disorder or twinning. 
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Studies here illustrate the temperature-dependent structural characteristics to help 
understand the intricate interplay of structural and conformational flexibility of the 
metalloporphyrins, revealing that the disorders in the crystal structures of [Fe(TPP)(NO)] 
(5) and [Co(TPP)(NO)] (6) at room temperature and phase changes at lower 
temperatures are a result of intermolecular interactions in the solid state. The phase 
changes in [Fe(TPP)(NO)] (5) and [Co(TPP)(NO)] (6), accompanied by the phenyl tilting, 
lead to reduced intermolecular interactions by gradual movement of the phenyl groups 
into the open voids. The same occurs in [Fe(TPP)Cl] (1) with no phase change. 
Hirshfeld surface analyses as a whole-of-molecule approach allow for an objective 
way to compare crystal structures of different crystal symmetries but with similar 
molecular forces and interactions. The phase change appears to be as much driven by 
phenyl tilting away from the c axis into the void space as by the ordering of the nitrosyl 
ligand. It is the void volume, not the increase in the individual molecular density, that 
accommodates further thermal compression with cooling. The analyses of the three 
compounds suggest that other metalloporphyrins with the general formula [M(TPP)X] in 
the tetragonal system may show analogous behavior of the phenyl rings contributing 
considerably to phase changes at low temperatures. 
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Part 4 
 
Syntheses and Characterization of Tantalum Alkyl 
Amide Imide Complexes and Their Reactions with O2 
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Abstract 
The alkyl amide imide complexes TaMe2(=NSiMe3)[N(SiMe3)2] (9) and 
Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) have been prepared from the reactions of {Ta(μ-
Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) with the appropriate organometallic reagents. 10 has 
been characterized by single-crystal X-ray diffraction and shows η2 coordination of the 
phenyl ring on one of the benzyl ligands to the Ta center. The reaction of 9 and 0.5 equiv 
of O2 leads to selective oxygen insertion into one Ta-Me bond, yielding an alkoxy bridged 
dimer Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 as cis- and trans-isomers (cis-11 and 
trans-11). The trans-11 isomer has been characterized by single-crystal X-ray diffraction. 
A mixture of cis-11 and trans-11 in benzene-d6 was found to react with additional O2 to 
give {Ta(μ-OMe)(OMe)(=NSiMe3)[N(SiMe3)2]}2.  
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4.1. Introduction 
Chemistry of transition-metal imide complexes is an active area of research due to 
their potential use as catalysts and as precursors in the preparation of microelectronic 
materials.1-3 For example, an imide ligand is used in the Schrock’s metathesis 
catalyst.1b,2a Imide ligands have been prepared by a variety of methods, the vast majority 
being intermolecular imidation1,4-5 with primary amines, imines, nitriles, and other 
nitrogen-containing compounds.1,4 The rarer intramolecular imidation is generally formed 
through 1,2-elimination of Me3SiCl or interligand transfer.4,5 Thermolysis of 
TaCl3[N(SiMe3)2]2 (7), for example, gives Me3SiCl and {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 
(8).4h Reaction of CrO2[N(SiMe3)2]2 with excess pyridine leads to the SiMe3 migration to 
an oxo ligand, forming [CrO(NSiMe3)Py]2(μ-OSiMe3)2.4c     
Tantalum imide complexes have been used as precursors for Ta2O53,6 and TaN7 
thin films in chemical vapor deposition (CVD) and atomic layer deposition (ALD) 
processes. SiO2 has typically been the gate insulator due to its ease of preparation. 
However, SiO2 is a poor insulator due to its low dielectric constant (k = 3.9) and suffers 
from gate current leakage when the thickness of the gate insulator film is below 2 nm.8-15 
New high-k metal oxides such as HfO2 and Ta2O5 have been replacing SiO2 in existing 
microelectronics.15 To make these metal oxide thin films, d0 metal precursors, such as 
ButN=Ta(NEt2)3, react with O2 or H2O in CVD or ALD processes (Scheme 4.1).16-20 The 
nature of CVD/ALD processes makes it difficult to determine the mechanistic pathways 
of these reactions. 
The reactions between transition metals and O2 play an important role in biological 
systems, catalytic processes, and the synthesis of fine chemicals.21-23 For late 
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Scheme 4.1.  CVD and ALD processes to metal-oxide thin films.16-20 
 
transition metal complexes, the oxidation of the metals is an important step.24 Unlike the 
reactions between late transition metal complexes and O2, very little is known about the 
reactions of d0 transition metal complexes with O2, due in part to the difficulty in studying 
these reactions. Most d0 metal complexes are air sensitive, requiring work under inert 
gases.25 There has also been a lack of potential applications of such reactions. Oxygen 
insertion into metal-carbon bonds has been reported by Schwartz et al. in the reactions 
of O2 with Cp2Zr(R)Cl (R = alkyl) and by Wolczanski et al. in the reactions between O2 
and (RO)2TiMe2 (Scheme 4.2).25c,d The formation of the siloxide Cp2Zr(OSiMe3)Cl was 
reported by Tilley in the reaction of O2 with Cp2Zr(SiMe3)Cl (Scheme 4.2).25b 
 
 
 
 
Scheme 4.2.  Previous examples of reactions between d0 metal complexes and O2.25b-d 
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Our group has studied the reaction between the alkyl amide imide complex 
Ta(CH2But)2(=NSiMe3)[N(SiMe3)2] and O2.25w Selective oxygen insertion into the two Ta-
alkyl bonds was observed, yielding an alkoxide complex 
Ta(=NSiMe3)[N(SiMe3)2](OCH2But)2 (Scheme 4.3). Ta(=NSiMe3)[N(SiMe3)2](OCH2But)2 
undergoes a ligand exchange to give Ta2(μ-NSiMe3)2(OCH2But)6 and 
Ta(=NSiMe3)[N(SiMe3)2]2(OCH2But) (Scheme 4.3). 
We have prepared TaMe2(=NSiMe3)[N(SiMe3)2] (9) and 
Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) from {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) and 
the appropriate organometallic reagents. The reaction between 0.5 equiv of O2 and 9 
results in oxygen insertion into a Ta-Me bond forming the methoxy bridged dimer Ta2(μ-
OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (cis-11 and trans-11). Cis-11 and trans-11 react with 
additional O2 to give {Ta(μ-OMe)(OMe)(=NSiMe3)[N(SiMe3)2]}2. Our studies are reported 
here. 
 
 
Scheme 4.3.  Synthesis of Ta(CH2But)2(=NSiMe3)[N(SiMe3)2] and its reaction with O2.25w 
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4.2. Experimental Section 
 All manipulations were performed under a dry nitrogen atmosphere with the use of 
either a drybox or standard Schlenk techniques. All solvents such as diethyl ether, THF, 
hexanes, toluene, and pentane were dried over potassium/benzophenone, distilled, and 
stored under nitrogen. TaCl5 (Strem), LiN(SiMe3)2 (Aldrich), and MeLi (1.6 M in Et2O, 
Acros) were used as received. {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) and ClMgCH2Ph 
(1.02 M in Et2O) were prepared by the literature methods.4h,26,27 NMR spectra were 
recorded on a Varian VNMRS 500 MHz, Mercury-VX 300 MHz, Bruker Avance 400 MHz, 
or AC 250 MHz FT spectrometer and were referenced to solvents. Elemental analyses 
were conducted via Complete Analysis Laboratories, Inc., Parsippany, NJ. 
 
4.2.1. Synthesis of TaMe2(=NSiMe3)[N(SiMe3)2] (9) 
 MeLi (1.36 mL, 1.39 mmol) in Et2O was added dropwise to a stirred solution of 8 
(542 mg, 0.543 mmol) in Et2O (30 mL) with stirring at -50 °C. The solution was stirred for 
18 h as the temperature gradually warmed to 23 °C. The solvent was then removed in 
vacuo and pentane was added. The solution was then filtered and solvent removed in 
vacuo to give 9 (414 mg, 0.903 mmol, 83.1% yield) as a crude brown liquid. Distillation of 
the crude liquid at 85.5 °C under 0.01 torr vacuum gave a yellow liquid of 9 (101 mg, 
0.220 mmol, 20.3% yield) condensed on a cold finger at -15 °C. 1H NMR (benzene-d6, 
250 MHz, 23 °C) δ 0.57 (s, 6H, Me), 0.37 (s, 9H, =NSiMe3), 0.32 [s, 18H, N(SiMe3)2]. 13C 
NMR (benzene-d6, 75.0 MHz, 23 °C) δ 52.94 (Me), 4.41 [N(SiMe3)2], 2.70 (=NSiMe3). MS 
for [9+H+]: Calculated m/z = 459.15097. Found 459.14993. 
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4.2.2. Synthesis of Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) 
 ClMgCH2Ph (2.01 mL, 2.05 mmol) in Et2O was added dropwise to a stirring 
solution of 8 (512 mg, 0.51 mmol) in Et2O (30 mL) at -30 °C. The solution was stirred for 
18 h, as the temperature gradually warmed to 23 °C, and then filtered. The volatiles were 
then removed in vacuo, giving 10 (0.520 mg, 0.85 mmol, 83% yield) as a brown solid. 
Crystals were obtained from a saturated solution of 10 in pentane at -30 °C. 1H NMR 
(benzene-d6, 499.7 MHz, 23 °C) δ 2.34 (d, 2H, CHaHbPh), 2.01 (d, 2H, CHaHbPh), 0.30 
(s, 9H, =NSiMe3), 0.23 [s, 18H, N(SiMe3)2]. 13C NMR (benzene-d6, 62.5 MHz, 23 °C) δ 
138.87–125.16 (CH2Ph), 64.92 (CH2Ph), 4.50 [N(SiMe3)2], 2.97 (=NSiMe3). Anal. Calcd 
for C23H41N2Si3Ta: C, 45.23; H, 6.77. Found: C, 45.07; H, 6.79. 
 
4.2.3. Synthesis of Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (cis-11 and trans-11) 
  9 (242 mg, 0.528 mmol) in pentane (20 mL) in a Schlenk flask was frozen in a 
liquid nitrogen bath, and the volatiles inside the Schlenk flask were removed in vacuo. 
Half equiv of O2 (0.264 mmol) was introduced through a gas manifold. The flask was 
gradually warmed to room temperature, and the solution was stirred for 6 h. The volatiles 
were removed in vacuo giving a crude mixture of cis-11 and trans-11. The crude product 
was dissolved in pentane at 23 °C. Within a few minutes, white crystals of trans-11 began 
to appear. Cooling the mixture at -30 °C yielded more crystals of trans-11 (147 mg, 0.150 
mmol, 58.8% yield). 1H NMR (benzene-d6, 300.0 MHz, 23 °C) cis-11: δ 3.86 (s, 6H, μ-
OMe), 0.65 (s, 6H, Me), 0.40 [s, 36H, N(SiMe3)2], 0.33 (s, 18H, =NSiMe3). trans-11: δ 
3.78 (s, 6H, μ-OMe), 0.62 (s, 6H, Me), 0.42 [s, 36H, N(SiMe3)2], 0.31 (s, 18H, =NSiMe3).  
13C NMR (benzene-d6, 75.0 MHz, 23 °C) cis-11: δ ~64.16 (broad, μ-OMe), 41.61 (Me), 
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4.39 [overlapping peak, N(SiMe3)2], 3.47 (=NSiMe3). trans-11: δ 63.09 (μ-OMe), 42.20 
(Me), 4.39 [overlapping peak, N(SiMe3)2], 3.55 (=NSiMe3). The 13C NMR assignments 
were made with help of HSQC. Anal. Calcd for C22H66N4O2Si6Ta2 (crystals of trans-
11): C, 27.84; H, 7.01; N, 5.90. Found: C, 27.69; H, 6.83; N, 5.71. 
 
4.2.4. Determination of the Crystal Structures of 10 and trans-11 
 X-ray diffraction data at 173 K were collected on a Bruker AXS Smart 1000 
diffractometer equipped with a CCD area detector and a graphite-monochromated Mo 
source and fitted with an upgraded Nicolet LT-2 low-temperature device (SMART APEX 
II systems; Precision Cryogenic Systems Inc.). Suitable crystals were coated with 
Paratone-NTM oil (Exxon Chemical) and mounted on a cryo-loop and measured under an 
open-flow nitrogen cryo-stream at 143(2) K. Global refinements for the unit cell and data 
reduction were performed with the SAINT program.28 Empirical absorption correction was 
performed with SADABS.29 The space group for structure solution and refinement was 
determined from systematic absences using XPREP.28 
 
4.3. Results and Discussion 
4.3.1. Synthesis of TaMe2(=NSiMe3)[N(SiMe3)2] (9) 
 Reaction of 4 equiv of MeLi with {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) gave 
TaMe2(=NSiMe3)[N(SiMe3)2] (9) as a yellow liquid (Scheme 4.4). 9 was characterized by 
1H and 13C NMR and MS spectroscopies. The identity of 9 was further confirmed through 
the characterization of Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (cis-11 and trans-11), 
the product of the reaction between 9 and 0.5 equiv of O2. 
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Scheme 4.4.  Preparation of 9. 
 
The 1H NMR spectrum of TaMe2(=NSiMe3)[N(SiMe3)2] (9) in benzene-d6 (Figure 
4.1) showed a singlet for the methyl ligand at 0.57 ppm. The imide =NSiMe3 and amide 
N(SiMe3)2 ligands were observed as singlets at 0.37 and 0.32 ppm, respectively. In the 
13C NMR spectrum of 9 in benzene-d6 (Figure 4.2), the Ta-Me peak was at 52.94 ppm. 
The amide N(SiMe3)2 and imide =NSiMe3 ligands were observed at 4.41 and 2.70 ppm, 
respectively. These NMR features and the observation of [9+H+] in the MS spectrum 
(Figure 4.3) are consistent with a monomeric structure of 9. 
 9 is reactive to trace O2 in the inert gas, forming the methoxy methyl complex 
Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (cis-11 and trans-11) in pentane or hexanes 
solutions. trans-11 has low solubility, forming white crystals from the solutions. 
 
4.3.2. Synthesis of Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) 
 Reaction of [Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]]2 (8) with the Grignard reagent 
ClMgCH2Ph yielded 10 as a brown solid. Brown crystals of 10 were obtained from 
concentrated hexanes or pentane solution at -33 C. 
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Figure 4.1.  1H NMR spectrum of 9 in benzene-d6 at 23 C.
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Figure 4.2.  13C NMR spectrum of 9 in benzene-d6 at 23 C. 
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Figure 4.3. (Top) Calculated and (Bottom) Observed MS for [9+H+]. 
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Scheme 4.5.  Preparation of 10. 
 
 
The -CH2- hydrogen atoms in the benzyl ligands in 
Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) form a diastereotopic pair (Figure 4.4), as 
observed in the 1H NMR spectrum of 10 (Figure 4.5). Singlets at 0.23 and 0.30 ppm were 
observed for the N(SiMe3)2 and =NSiMe3 ligands, respectively.  
The 13C NMR spectrum of 10 in benzene-d6 at 23 °C (Figure 4.6) has a peak at 
64.92 ppm corresponding to the –CH2-atoms of the CH2Ph ligands. The phenyl carbon 
atoms of CH2Ph are observed at 138.87–125.16 ppm. The peak for the silyl amide 
N(SiMe3)2 was observed at 4.50 ppm. A peak at 2.97 ppm was found corresponding to 
the silyl imide =NSiMe3. 
 
 
 
 
Figure 4.4.  Newman projection of 10. 
 
  
 
116 
 
 
Figure 4.5.  1H NMR spectrum of 10 in benzene-d6 at 23 C. 
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Figure 4.6.  13C NMR spectrum of 10 in benzene-d6 at 23 C. 
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4.3.3. Crystal Structure of Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) 
An ORTEP view of the crystal structure of 10 is given in Figure 4.7 (Top) and its 
crystal data are given in Tables 4.1-4.2. The metal center adopts a tetrahedral geometry. 
The Ta-N(2) bond length of 1.770(4) Å of Ta=NSiMe3 and the Ta-N(1) length of 1.987(4) 
Å of Ta-N(SiMe3)2 are similar to those in Ta(CH2But)2(=NSiMe3)[N(SiMe3)2] (10), 1.770(6) 
Å for the imide bond and 1.981(7) Å for the amide bond.25w The Ta-C(11)-C(18) bond 
angle of 86.69° on one of the benzyl ligands suggests η2 coordination of the delocalized 
electrons on the phenyl ring to the metal center (Figure 4.7, Bottom). This is reasonable 
due to the electron deficient metal center (10-14e-). It is also in agreement with the 
observations by Parkin et al. on the binding modes of benzyl ligands.30 
 
4.3.4. Synthesis of Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (cis-11 and trans-11) 
 Reaction of O2 (0.5 equiv) with TaMe2(=NSiMe3)[N(SiMe3)2] (9) led to the formation 
of a mixture of the methoxy methyl dimer cis-11 and trans-11 (Scheme 4.6), which gave 
only trans-11 as crystals. Oxygen selectively inserts into one Ta-Me bond in 9. Such 
selective oxygen insertion is known (Scheme 4.7). For example, Mo(=NR)2Me2 (R = 2,6-
Pri2C6H3) reacts with O2 to form [Mo(=NR)2Me(μ-OMe)]2. (cyclo)Si(NBut)2TiMe2 reacts 
with O2 forming [(cyclo)Si(NBut)2Ti(μ-OMe)Me]2.31,32  
Reaction of O2 with the cis-11/trans-11 mixture led to oxygen insertion into the 
remaining Ta-Me bonds in cis-11/trans-11 to give a mixture of cis/trans-dimethoxy 
dimers {Ta(μ-OMe)(OMe)(=NSiMe3)[N(SiMe3)2]}2 (Scheme 4.6) which had been 
prepared from the reaction of LiOMe with {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8).4h 
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Figure 4.7.  (Top) ORTEP view of 10. (Bottom) Bonding of the two benzyl ligands to the 
Ta center in 10. 
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Table 4.1.  Crystal data and structure refinement for 10 
______________________________________________________________________ 
Empirical formula  C23 H41 N2 Si3 Ta 
Formula weight  610.80 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P212121 
Unit cell dimensions a = 9.5766(3) Å α = 90° 
 b = 17.0542(6) Å β = 90° 
 c = 17.4821(6) Å γ = 90° 
Volume 2855.20(17) Å
3
 
Z 4 
Density (calculated) 1.421 Mg/m
3
 
Absorption coefficient 3.987 mm
-1
 
F(000) 1232 
Crystal size 0.20 x 0.18 x 0.15 mm3 
θ range for data collection 1.668 to 28.323° 
Index ranges -12 ≤ h ≤ 12, -22 ≤ k ≤ 22, -23 ≤ l ≤ 22 
Reflections collected 47821 
Independent reflections 7106 [R(int) = 0.0516] 
Completeness to θ = 25.242° 100.0%  
______________________________________________________________________ 
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Table 4.1.  Continued 
______________________________________________________________________ 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 7106 / 0 / 271 
Goodness-of-fit on F
2
 1.218 
Final R indices [I > 2σ(I)] R1 = 0.0412, wR2 = 0.1349 
R indices (all data) R1 = 0.0419, wR2 = 0.1364 
Absolute structure parameter 0.966(4) 
Largest diff. peak and hole 0.507 and -0.950 e.Å
-3 
______________________________________________________________________ 
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Table 4.2.  Bond lengths (Å) and angles (°) for 10 
 
C(13)-C(12)  1.404(13)   N(2)-Si(2)-C(4) 109.8(5) 
C(13)-C(14)  1.407(15)  C(6)-Si(2)-C(4) 107.8(7) 
Ta(1)-N(1)  1.768(8)  N(2)-Si(2)-C(5) 111.3(6) 
Ta(1)-N(2)  1.986(7)  C(6)-Si(2)-C(5) 109.9(9) 
Ta(1)-C(10)  2.201(9)  C(4)-Si(2)-C(5) 106.4(7) 
Ta(1)-C(11)  2.219(9)  N(2)-Si(3)-C(8) 110.3(5) 
Si(2)-N(2)  1.747(8)  N(2)-Si(3)-C(9) 113.0(5) 
Si(2)-C(6)  1.855(15)  C(8)-Si(3)-C(9) 105.5(6) 
Si(2)-C(4)  1.870(13)  N(2)-Si(3)-C(7) 109.2(5) 
Si(2)-C(5)  1.877(14)  C(8)-Si(3)-C(7) 112.0(6) 
Si(3)-N(2)  1.763(8)  C(9)-Si(3)-C(7) 106.8(7) 
Si(3)-C(8)  1.877(12)  N(1)-Si(1)-C(2) 111.3(5) 
Si(3)-C(9)  1.878(12)  N(1)-Si(1)-C(1) 109.0(5) 
Si(3)-C(7)  1.880(13)  C(2)-Si(1)-C(1) 109.3(7) 
Si(1)-N(1)  1.731(8)  N(1)-Si(1)-C(3) 109.3(5) 
Si(1)-C(2)  1.862(12)  C(2)-Si(1)-C(3) 108.7(7) 
Si(1)-C(1)  1.868(12)  C(1)-Si(1)-C(3) 109.3(7) 
Si(1)-C(3)  1.869(12)  Si(1)-N(1)-Ta(1) 167.5(5) 
C(12)-C(17)  1.403(15)  Si(2)-N(2)-Si(3) 122.0(5) 
C(12)-C(10)  1.496(14)  Si(2)-N(2)-Ta(1) 116.8(4) 
C(11)-C(18)  1.503(12)  Si(3)-N(2)-Ta(1) 121.3(4) 
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Table 4.2.  Continued 
C(22)-C(21)  1.37(3)  C(17)-C(12)-C(13) 117.5(9) 
C(22)-C(23)  1.424(18)  C(17)-C(12)-C(10) 121.8(9) 
C(23)-C(18)  1.360(18)  C(13)-C(12)-C(10) 120.1(9) 
C(19)-C(20)  1.390(16)  C(18)-C(11)-Ta(1) 113.2(6) 
C(19)-C(18)  1.408(15)  C(12)-C(10)-Ta(1) 86.7(5) 
C(21)-C(20)  1.36(3)  C(21)-C(22)-C(23) 119.9(15) 
C(16)-C(17)  1.377(15)  C(18)-C(23)-C(22) 120.1(15) 
C(16)-C(15)  1.420(15)  C(20)-C(19)-C(18) 120.2(13) 
C(15)-C(14)  1.374(17)  C(23)-C(18)-C(19) 118.9(10) 
C(12)-C(13)-C(14) 120.9(10)  C(23)-C(18)-C(11) 123.4(11) 
N(1)-Ta(1)-N(2) 106.9(3)  C(19)-C(18)-C(11) 117.7(10) 
N(1)-Ta(1)-C(10) 102.2(4)  C(20)-C(21)-C(22) 120.4(12) 
N(2)-Ta(1)-C(10) 111.6(3)  C(21)-C(20)-C(19) 120.5(14) 
N(1)-Ta(1)-C(11) 103.4(4)  C(17)-C(16)-C(15) 119.9(10) 
N(2)-Ta(1)-C(11) 109.6(4)  C(16)-C(17)-C(12) 121.9(10) 
C(10)-Ta(1)-C(11) 121.7(4)  C(14)-C(15)-C(16) 119.1(10) 
N(2)-Si(2)-C(6) 111.4(7)  C(15)-C(14)-C(13) 120.6(10) 
  
Symmetry transformations used to generate equivalent atoms:  
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Scheme 4.6.  Synthesis of a cis-11/trans-11 mixture, its crystallization to give trans-11 
only, and the cis-11 ⇌ trans-11 exchange. Reaction of the mixture with O2 leads to 
oxygen insertion into Ta-Me bonds to give a mixture of cis/trans-dimethoxy dimers. 
 
 
Scheme 4.7.  Previous examples of selective oxygen insertion.31,32 
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A solution of trans-11 in benzene-d6, prepared from crystals of trans-11, slowly 
converted to its cis isomer cis-11, eventually reaching an exchange equilibrium, cis-11 
⇌ trans-11, with Keq = 0.78(0.02)  (Scheme 4.6). Similar exchange was reported for 
{Ta(μ-OMe)(OMe)(=NSiMe3)[N(SiMe3)2]}2.4h The 1H NMR spectrum of trans-11 in 
benzene-d6 (Figure 4.8) showed a singlet at 0.31 ppm for =NSiMe3 ligand. A singlet at 
0.42 ppm was observed for N(SiMe3)2. The Me and OMe peaks were at 0.62 and 3.78 
ppm, respectively. The 1H NMR of a cis/trans-11 mixture at equilibrium is given in Figure 
4.9. The 1H NMR spectrum of cis-11 in benzene-d6 (Figure 4.9) showed a singlet at 0.33 
ppm for =NSiMe3. A singlet at 0.40 ppm was observed for N(SiMe3)2. The Me and OMe 
peaks were at 0.65 and 3.86 ppm, respectively.  
The assignments of the 13C NMR spectrum of the cis-11/trans-11 mixture in 
benzene-d6 (Figure 4.10) were assisted by HSQC NMR (Figure 4.11). For trans-11, the 
OMe and Me ligands were observed at 63.09 and 42.21 ppm, respectively. The =NSiMe3 
peak was at 3.55 ppm. A broad overlapping peak for the N(SiMe3)2 ligands in cis-11 and 
trans-11 was observed at 4.39 ppm. For cis-11, the Me and =NSiMe3 ligands were at 
41.61 and 3.47 ppm, respectively.  The OMe peak was not directly observed in the 13C 
NMR spectra (Figure 4.10), but the HSQC spectrum indicated that it was a broad peak at 
64.16 ppm overlapping with the OMe peak in trans-11. These observations perhaps 
indicate exchanges in cis-11 and trans-11. 
 
4.3.5. Crystal Structure of Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (trans-11) 
 An ORTEP view of the crystal structure of trans-11 is given in Figure 4.10 and its 
crystal data are given in Tables 4.5-4.6. The structure of trans-11 consists of two  
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Figure 4.8.  1H NMR spectrum of trans-11 in benzene-d6 at 23 C.  
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Figure 4.9.  1H NMR spectrum of a cis-11 and trans-11 mixture in benzene-d6 at 23 C. 
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Figure 4.10.  13C NMR spectrum of a cis-11 and trans-11 mixture in benzene-d6 at 23 C.  
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Figure 4.11.  HSQC spectrum of a cis-11 and trans-11 mixture in benzene-d6 at 23 C.
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Figure 4.12.  ORTEP view of trans-11. 
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Table 4.3.  Crystal data and structure refinement for trans-11 
______________________________________________________________________ 
Empirical formula  C22 H66 N4 O2 Si6 Ta2 
Formula weight  949.22 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 9.4036(7) Å α = 90° 
 b = 16.0261(11) Å β = 92.7050(10)° 
 c = 13.5459(10) Å γ = 90° 
Volume 2039.1(3) Å
3
 
Z 2 
Density (calculated) 1.546 Mg/m
3
 
Absorption coefficient 5.561 mm
-1
 
F(000) 944 
Crystal size 0.105 x 0.064 x 0.029 mm3 
θ range for data collection 1.970 to 28.802° 
Index ranges -12 ≤ h ≤ 12, -21 ≤ k ≤ 21, -18 ≤ l ≤ 18 
Reflections collected 23774 
Independent reflections 5007 [R(int) = 0.0237] 
Completeness to θ = 25.242° 99.9%  
______________________________________________________________________ 
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Table 4.3.  Continued 
______________________________________________________________________ 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.851 and 0.659 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 5007 / 0 / 174 
Goodness-of-fit on F
2
 1.110 
Final R indices [I > 2σ(I)] R1 = 0.0172, wR2 = 0.0461 
R indices (all data) R1 = 0.0189, wR2 = 0.0469 
Largest diff. peak and hole 1.772 and -0.608 e.Å
-3 
______________________________________________________________________ 
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Table 4.4.  Bond lengths (Å) and angles (°) for trans-11 
 
Ta(01)-N(2) 1.780(2)  O(1)-Ta(01)-C(1) 86.24(8) 
Ta(01)-N(1) 1.9967(19)  O(1A)-Ta(01)-C(1) 149.89(8) 
Ta(01)-O(1) 2.1244(16)  N(1)-Si(1)-C(4) 112.09(11) 
Ta(01)-O(1A) 2.1376(16)  N(1)-Si(1)-C(3) 109.63(12) 
Ta(01)-C(1) 2.199(2)  C(4)-Si(1)-C(3) 110.48(15) 
Si(1)-N(1) 1.762(2)  N(1)-Si(1)-C(5) 112.16(12) 
Si(1)-C(4) 1.860(3)  C(4)-Si(1)-C(5) 104.55(14) 
Si(1)-C(3) 1.862(3)  C(3)-Si(1)-C(5) 107.76(15) 
Si(1)-C(5) 1.873(3)  N(1)-Si(2)-C(7) 111.57(12) 
Si(2)-N(1) 1.751(2)  N(1)-Si(2)-C(8) 110.46(12) 
Si(2)-C(7) 1.865(3)  C(7)-Si(2)-C(8) 111.83(15) 
Si(2)-C(8) 1.866(3)  N(1)-Si(2)-C(6) 109.84(11) 
Si(2)-C(6) 1.876(3)  C(7)-Si(2)-C(6) 105.73(13) 
Si(3)-N(2) 1.727(2)  C(8)-Si(2)-C(6) 107.21(13) 
Si(3)-C(11) 1.863(3)  N(2)-Si(3)-C(11) 108.82(12) 
Si(3)-C(10) 1.867(3)  N(2)-Si(3)-C(10) 110.25(12) 
Si(3)-C(9) 1.873(3)  C(11)-Si(3)-C(10) 110.08(15) 
O(1)-C(2) 1.435(3)  N(2)-Si(3)-C(9) 110.45(12) 
O(1)-Ta(0A) 2.1376(16)  C(11)-Si(3)-C(9) 107.93(14) 
N(2)-Ta(01)-N(1) 107.13(9)  C(10)-Si(3)-C(9) 109.28(14) 
N(2)-Ta(01)-O(1) 110.41(8)  C(2)-O(1)-Ta(01) 129.02(15) 
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Table 4.4.  Continued 
N(1)-Ta(01)-O(1) 141.73(7)  C(2)-O(1)-Ta(0A) 118.00(15) 
N(2)-Ta(01)-O(1A) 105.57(8)  Ta(01)-O(1)-Ta(0A) 112.06(7) 
N(1)-Ta(01)-O(1A) 95.17(7)  Si(2)-N(1)-Si(1) 120.98(11) 
O(1)-Ta(01)-O(1A) 67.95(7)  Si(2)-N(1)-Ta(01) 113.38(10) 
N(2)-Ta(01)-C(1) 97.62(10)  Si(1)-N(1)-Ta(01) 124.37(11) 
N(1)-Ta(01)-C(1) 96.08(9)  Si(3)-N(2)-Ta(01) 166.53(14) 
 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1     
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equivalent tantalum centers, each adopting a distorted trigonal bipyramidal environment. 
The bond lengths of the Ta-N imide and amide bonds in trans-11, 1.780 and 1.996 Å, 
respectively, are similar to those in the dimethoxy dimer analogue trans-{Ta(μ-
OMe)(OMe)(=NSiMe3)[N(SiMe3)2]}2 (1.777, 2.023 Å).4h 
 
4.3.6. Reaction of Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) and O2 
Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) completely reacts within 24 h with 1 atm of 
O2 at room temperature to give multiple products. 1H and 13C NMR spectra show multiple 
peaks in regions that are typical for benzoxy ligands OCH2Ph. Attempts to separate 
products were unsuccessful. The reaction between {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 
(8) and LiOBn (Bn = benzyl) also gave multiple products which have the same NMR peaks 
in the benzoxy region. This observation suggests that Ta(=NSiMe3)[N(SiMe3)2](OCH2Ph)2 
might have formed initially but then undergoes a ligand exchange similar to that in the 
alkoxide Ta(=NSiMe3)[N(SiMe3)2](OCH2But)2 our groups previously reported.25w 
 
4.4. Concluding Remarks 
 In this part, the syntheses of the alkyl amide imide complexes 
TaMe2(=NSiMe3)[N(SiMe3)2] (9) and Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) and their 
reactions with O2 are reported. Oxygen initially inserts into only one Ta-Me bond of the 
two methyl ligands in 9 to form the methoxy dimer Ta2(μ-
OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (cis-11 and trans-11). A mixture of cis-11 and trans-
11 reacts with additional O2 to give {Ta(μ-OMe)(OMe)(=NSiMe3)[N(SiMe3)2]}2. Cis-11 and 
trans-11 undergo an exchange, reaching equilibrium.  
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Part 5 
 
Syntheses and Characterization of Tantalum Amide 
and Imide Complexes
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Abstract 
New mixed amide imide species Ta(NR2)2(=NSiMe3)[N(SiMe3)2] (R = Me, 12; Et, 
13) have been prepared by two different salt metathesis reactions from TaCl3[N(SiMe3)2]2 
(7) or {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8). An intermediate in the reaction involving 7 
eliminates Me3Si-NR2 (R = Me or Et), converting the amide N(SiMe3)2 ligand to the imide 
=NSiMe3 ligand. Such intramolecular imidations are rare. 
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5.1. Introduction 
 Tantalum imide complexes have been used as precursors for Ta2O51 and TaN2 
thin films in chemical vapor deposition (CVD) and atomic layer deposition (ALD) 
processes. Typically, imide ligands are formed through intermolecular imidation.3 
Intramolecular imidation usually occurs through 1,2-elimination of Me3SiCl or interligand 
transfer to an oxo ligand as shown in Scheme 5.1.4,5 
 
 
 
Scheme 5.1.  Main types of intramolecular imidaiton.4,5 
 
 
 A new type of intramolecular imidation by “α-Si abstraction” was reported by 
Herrmann and Baratta, who prepared the first known ansa-type Group V complexes in 
the reaction of M(NMe2)5 with [(η5-C5H4)-Si(CH3)2-(HNC6H5)].6 The Si-N bond is cleaved 
with the help of visible light irradiation to form an imide complex (Scheme 5.2). The 
isomerization is due to steric crowding between the π-cyclopentadienyl and the four 
amide ligands. 
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Scheme 5.2.  Formation of Ta and Nb imide complexes via photochemical cleavage of 
Si-N bond.6 
 
 
 Our group recently reported the penta-amide Ta(NMe2)4[N(SiMe3)2], which is 
unstable at room temperature. Upon heating, this complex undergoes elimination of 
Me3Si-NMe2 to form the imide dimer [Ta(NMe2)3(μ-NSiMe3)]2 (Scheme 5.3).7 This is 
second case of an “α-Si abstraction” in an amide ligand by another amide ligand to form 
an imide. Kinetics of the α-SiMe3 abstraction showed that the disappearance of the mixed 
amide follows first-order kinetics. 
 
 
 
Scheme 5.3.  The abstraction of an α-SiMe3 group by an amide ligand which forms an 
imide “Ta(NMe2)3(=NSiMe3)”.7 
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 Our group has also reported the formation of a four-membered metallaheterocyclic 
                                                                          
________________________
 
 ring, (Me2N)3Ta(η2-N(SiMe3)SiMe2CH2), through a γ-hydrogen abstraction in the reaction 
of the mixed-amido complex Ta(NMe2)3Cl[N(SiMe3)2] with one equiv. of LiN(SiMe3)2 
(Scheme 5.4).8 The X-ray crystal structure of Ta(NMe2)3Cl[N(SiMe3)2] reveals that the 
compound adopts a distorted trigonal bipyramidal geometry in the solid with the –
N(SiMe3)2 ligand in the equatorial plane and the Cl in the axial position. 
 
 
 
Figure 5.4.  The formation of a four-membered metallaheterocyclic ring through γ-
hydrogen abstraction.8 
 
 
 Herein we report the syntheses and characterization of 
Ta(NR2)2(=NSiMe3)[N(SiMe3)2] (R = Me, 12; Et, 13), which have been prepared by two 
methods. The mixed amide imide complexes 12 and 13 were first prepared from the  
reaction of {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) with the corresponding lithium amide. 
                  
                        
_________________________
                
In an attempt to form the previously mentioned (Me2N)3Ta(η2-N(SiMe3)SiMe2CH2),8 
Ta(NMe2)2(=NSiMe3)[N(SiMe3)2] (12) along with Me3Si-NMe2 were obtained from the 
reaction of TaCl3[NSiMe3)2]2 with three equiv. of LiNMe2. 
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5.2. Experimental Section 
 All manipulations were performed under a dry nitrogen atmosphere with the use of 
either a drybox or standard Schlenk techniques. All solvents such as diethyl ether, THF, 
hexanes, toluene, and pentane were dried over potassium/benzophenone, distilled, and 
stored under nitrogen. TaCl5 (Strem), LiN(SiMe3)2 (Aldrich), and LiNMe2 (Aldrich) were 
used as received. TaCl3[N(SiMe3)2]2 (7) and {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8)  were 
prepared by the literature methods.9,10 LiNEt2 was obtained by addition of BunLi to a 
hexanes solution of diethylamine and then removal of volatiles. NMR spectra were 
recorded on a Varian 500 MHz Fourier transform spectrometer unless otherwise noted, 
and were referenced to solvents. Mass spectra were recorded on a JEOL AccuTOF™ 
DART Mass Spectrometer. Elemental analyses were conducted via Complete Analysis 
Laboratories, Inc., Parsippany, NJ. 
 
5.2.1. Synthesis of Ta(NMe2)2(=NSiMe3)[N(SiMe3)2] (12) 
Preparation from {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8). LiNMe2 (261 mg, 5.12 
mmol) in diethyl ether (30 mL) was added to 8 (1.20 g, 1.20 mmol) in diethyl ether (30 
mL) with stirring at -30 °C. The mixture was allowed to stir for 18 h. Diethyl ether was then 
removed in vacuo and the residue was dissolved in pentane. The solution was then 
filtered and the volatiles were removed in vacuo to give 12 as a yellow liquid (1.00 g, 1.94 
mmol, 81% yield).  
 Preparation from TaCl3[N(SiMe3)2]2 (7). Solid LiNMe2 (128 mg, 2.51 mmol) was 
added slowly to 7 (475 mg, 0.78 mmol) in toluene (60 mL) with stirring at -30 °C. The 
mixture was allowed to stir overnight. Toluene was then removed in vacuo and the residue 
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was dissolved in pentane. The solution was then filtered and the volatiles were removed 
in vacuo to give 12 as a yellow liquid (284 mg, 0.55 mmol, 71%). 1H NMR (benzene-d6, 
499.7 MHz, 23 °C) 3.13 (s, 12H, NMe2), 0.31 [s, 18H, N(SiMe3)2], 0.31 (s, 9H, =NSiMe3). 
13C NMR (benzene-d6, 62.5 MHz, 23 °C) δ 47.20 (NMe2), 5.58 [N(SiMe3)2], 3.94 
(=NSiMe3). Anal. Calcd for C13H39N4Si3Ta: C, 30.22; H, 7.61. Found: C, 30.13; H, 7.51. 
 
5.2.2. Synthesis of Ta(NEt2)2(=NSiMe3)[N(SiMe3)2] (13) 
Preparation from {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8). LiNEt2 (380 mg, 4.81 
mmol) in diethyl ether (30 mL) was added dropwise to 8 (1164 mg, 1.17 mmol) in diethyl 
ether (30 mL) with stirring at -30 °C. The mixture was allowed to stir for 18 h. Diethyl ether 
was then removed and the residue was dissolved in pentane. The solution was then 
filtered and the volatiles were removed in vacuo to give 13 as a brown liquid (1.20 g, 2.10 
mmol, 90% yield).  
 Preparation from TaCl3[N(SiMe3)2]2 (7). Solid LiNEt2 (212 mg, 2.68 mmol) was 
added slowly to 7 (510 mg, 0.84 mmol) in diethyl ether (30 mL) with stirring at -30 °C. The 
mixture was allowed to stir overnight. Diethyl ether was then removed and the residue 
was dissolved in pentane. The solution was then filtered and the volatiles were removed 
in vacuo to give 13 as a brown liquid (229 mg, 0.4 mmol, 69% yield). 1H NMR (benzene-
d6, 499.7 MHz, 23 °C) δ 3.49-3.36 (m, 8H, N-CH2-Me), 1.09 (t, 12H, N-CH2-Me), 0.38 [s, 
18H, N(SiMe3)2], 0.32 (s, 9H, =NSiMe3). 13C NMR (benzene-d6, 125 MHz, 23 °C) δ 48.25 
(N-CH2-Me), 16.44 (N-CH2-Me), 5.64 [N(SiMe3)2], 3.69 (=NSiMe3). 
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5.3. Results and Discussion 
5.3.1. Preparation and Characterization of Ta(NMe2)2(=NSiMe3)[N(SiMe3)2] (12) 
 Ta(NMe2)2(=NSiMe3)[N(SiMe3)2] (12) was prepared and characterized by 1H and 
13C NMR, elemental analysis and mass spectrometry (MS). Four equiv. of LiNMe2 in 
diethyl ether was added dropwise to a solution of {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) 
in diethyl ether at -30 °C with continuous stirring (Scheme 5.5). The solution was filtered 
and upon removal of volatiles in vacuo, a yellow viscous liquid product, 12, was obtained. 
NMR characterization showed that the product, without further purification, was pure, and 
it passed the elemental analysis. 
 An alternate route for the preparation of Ta(NMe2)2(=NSiMe3)[N(SiMe3)2] (12) was 
the addition of four equiv. of solid LiNMe2 to a stirring THF/pentane solution of {Ta(μ-
Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) at 23 °C. The volatiles were removed and the crude 
product was dissolved in pentane. After filtration, pentane was removed under vacuum to 
give 12. In addition, Ta(NMe2)2(=NSiMe3)[N(SiMe3)2] (12) was also prepared from 
TaCl3[N(SiMe3)2]2 (7) and three equiv. of LiNMe2 by both methods listed above. 
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Scheme 5.5.  Preparation of 12 and 13. 
 
  
 The 1H NMR spectrum of 12 in benzene-d6 (Figure 5.1) showed a singlet at 3.13 
ppm for the amide NMe2 ligands. The singlet for the silyl imide =NSiMe3 and the silyl 
amide N(SiMe3)2 overlap at 0.31 ppm. In the 13C NMR spectrum of 12 in benzene-d6 
(Figure 5.2), the NMe2 group appears at 47.20 ppm. The methyl group on the silyl amide 
ligand appears at 5.58 ppm. The methyl group of the silyl imide was observed at 3.94 
ppm. 
 Compound 12 was characterized by MS at m/z = 517.20 [12+H+]. Due to the 
isotopes of the elements that make up 12, it is expected to have a unique MS pattern. A 
liquid sample of 12 was placed in a heated He stream by the sealed end of a capillary 
tube. The MS spectrum of 12 is given in Figure 5.3 along with the predicted spectrum. It 
confirmed the identity of 12. 
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Figure 5.1.  1H NMR spectrum of 12 in benzene-d6 at 23 °C. 
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               Figure 5.2.  13C NMR spectrum of 12 in benzene-d6 at 23 °C. 
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Figure 5.3.  (Top) Calculated and (Bottom) Observed MS for [12+H+]. 
 
  
 
155 
 
5.3.2. Preparation and Characterization of Ta(NEt2)2(=NSiMe3)[N(SiMe3)2] (13) 
 Ta(NEt2)2(=NSiMe3)[N(SiMe3)2] (13) was prepared and characterized by 1H and 
13C NMR spectroscopies and mass spectrometry. Four equiv. of LiNEt2 in diethyl ether 
were added dropwise to a solution of {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) in diethyl 
ether at -40 °C with continuous stirring. The solution was filtered and upon removal of 
volatiles in vacuo, a brown viscous liquid product, 13, was obtained. NMR and MS 
characterization revealed the presence of HN(SiMe3)2 along with 13.  
 The 1H NMR spectrum of 13 in benzene-d6 (Figure 5.4) showed a singlet at 0.38 
ppm for the silyl amide N(SiMe3)2. Another singlet at 0.32 ppm is found for silyl imide 
=NSiMe3. The -CH2- moieties of the diethyl amide NEt2 are diastereotopic and show as a 
multiplet at 3.49-3.36 ppm. The methyl moieties of the ethyl amide ligands are nearly a 
triplet at 1.09 ppm. In the 13C NMR spectrum of 13 in benzene-d6 (Figure 5.5), the -CH2- 
group of the NEt2 ligand appears at 16.44 ppm. The CH3 group of the NEt2 ligand appear 
at 48.25 ppm. The methyl groups on the silyl amide ligand appear at 5.64 ppm. The methyl 
groups of the silyl imide were observed at 3.69 ppm. 
 Compound 13 was characterized by MS at m/z = 573.27 [13+H+]. Due to the 
isotopes of the elements that make up 13, it is expected to have a unique MS pattern. A 
liquid sample of 13 was placed in a heated He stream by the sealed end of a capillary 
tube. The MS spectrum of 13 is given in Figure 5.6 along with the predicted spectrum. It 
confirmed the identity of 13. 
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Figure 5.4.  1H NMR spectrum of 13 in benzene-d6 at 23 °C. 
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Figure 5.5.  13C NMR spectrum of 13 in benzene-d6 at 23 °C. 
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Figure 5.6.  (Top) Calculated and (Bottom) Observed MS for [13+H+]. 
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5.3.3. Intramolecular Imidation 
12 and 13 were also prepared from the reactions of TaCl3[N(SiMe3)2]2 (7) with three 
equiv. of LiNR2 (R = Me, Et) at -30 °C. The solutions were filtered and upon removal of 
solvent in vacuo, liquids 12 and 13 were obtained (Scheme 5.5) along with Me3Si-NR2 (R 
= Me, Et) which were confirmed by 1H NMR spectroscopy and GC-MS. Typically, 
intermolecular imidation is more common for the formation of imide ligands.3 For 
intramolecular imidation the two main types is 1,2-elimination of Me3SiCl or interligand 
transfer.4,5 The reaction here is the third known case of abstraction of an α-SiMe3 group 
by an amide ligand.6,7 Our previously reported case in which Ta(NMe2)4[N(SiMe3)2] 
undergoes intramolecular imidation by α-SiMe3 abstraction by an amide ligand to form 
[Ta(NMe2)3(μ-NSiMe3)]2, the reaction takes a week. In comparison, the reaction described 
here is nearly instantaneous. 
Our group has previously shown that Ta(NMe2)3[N(SiMe3)2]2 undergoes                                                         
                                                      
                            
                      
 
 
                                                                
                        
_________________________
              
               
 
γ-hydrogen abstraction to form (Me2N)3Ta(η2-N(SiMe3)SiMe2CH2).8 The synthesis of 
Ta(NR2)Cl2[N(SiMe3)2]2 (R = Me, Et) from 7 was attempted to see if they are stable. In the 
reaction between 7 and one equiv. of LiNR2 (R = Me, Et), we found the formation of a 
mixture of 12 or 13, along with unreacted 7, suggesting that the intermediate 
Ta(NR2)Cl2[N(SiMe3)2]2 is unstable. 
 
5.4. Concluding Remarks 
 Ta(NR2)2(=NSiMe3)[N(SiMe3)2] (R = Me, 12; Et, 13) have been synthesized from 
two different reactions. 12 was characterized by 1H and 13C NMR spectroscopies, 
elemental analysis, and MS. 13 was characterized by 1H and 13C NMR spectroscopies 
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and MS. The pathway from the reaction of 7 eliminates Me3Si-NR2 (R = Me or Et), 
converting the amide N(SiMe3)2 ligand to the imide =NSiMe3 ligand. 
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 This dissertation focused on two distinct projects: (1) Magnetic and structural 
properties of metalloporphyrins; (2) Synthesis and characterization of mixed tantalum 
amide imide complexes. Using inelastic neutron scattering (INS), we have been able to 
directly determine the zero field splitting (ZFS) parameters D for [M(TPP)Cl] (M = Cr, 3; 
Mn, 2; Fe, 1; TPP2- = meso-tetraphenylporphyrinate) and [Mn(TPP)] (4). It was also found 
that intermolecular interactions in the solid state of the biomimetic porphyrins 1 and 
[M(TPP)(NO)] (M = Fe, 5; Co, 6) cause the disorder and phase changes observed earlier 
in variable temperature studies. The amide imide alkyl complexes 
TaMe2(=NSiMe3)[N(SiMe3)2] (9) and Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) have been 
synthesized by metathesis reactions. The reactions of 9 or 10 with O2 were investigated. 
The methoxy dimer Ta2(μ-OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (trans-11) was isolated and 
characterized by single-crystal X-ray diffraction. The novel mixed amide imide complexes 
Ta(NR2)2(=NSiMe3)[N(SiMe3)2] (R = Me, 12; Et, 13) were prepared from the reaction of 
TaCl3[N(SiMe3)2]2 (7) or {Ta(μ-Cl)Cl(=NSiMe3)[N(SiMe3)2]}2 (8) and the appropriate 
lithium amide salt. 
 In Part 2, magnetic excitations of metalloporphyrins were probed for the first time 
by INS. Due to the small energy of these excitations, non-deuterated samples were used. 
A positive D value, 6.33(8) cm-1 for [Fe(TPP)Cl] (1) and 0.79(2) cm-1 for [Mn(TPP)] (4), 
were determined for the two S = 5/2 complexes. The direct determination of ZFS D 
parameter for 1 puts to rest often inaccurate measurements from other methods. Typical 
of Mn(III) S = 2 complexes, a negative D, -2.24(3) cm-1, was determined for [Mn(TPP)Cl] 
(2). For [Cr(TPP)Cl] (3), |D| = 0.234(12) cm-1, which is due in part to the spherical nature 
of the unpaired d electrons in this S = 3/2 spin system. 
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In Part 3, a variable-temperature (VT) study of [Fe(TPP)Cl] (1) and a comparison 
to previously published VT studies on [M(TPP)(NO)] (M = Fe, 5; Co, 6) are presented. 
Hirshfeld analysis has been employed to showcase how conformational changes appear 
in the molecular structures, and to identify driving forces for such changes that are 
otherwise not obvious as a result of disorder or twinning. These analyses have revealed 
that the disorders in the crystal structures of 5 and 6 at room temperature and phase 
changes at lower temperatures are a result of intermolecular interactions in the solid state. 
The phase changes in 5 and 6, accompanied by the phenyl tilting, lead to reduced 
intermolecular interactions by gradual movement of the phenyl groups into the open 
voids. The same occurs in 1 with no phase change. Hirshfeld surface analyses as a 
whole-of-molecule approach allows for an objective way to compare crystal structures of 
different crystal symmetries, but with similar molecular forces and interactions. 
 In Part 4, syntheses of TaMe2(=NSiMe3)[N(SiMe3)2] (9) and 
Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) and their reactions with O2 are reported. 9 has 
been characterized by 1H and 13C NMR spectroscopies and MS. 10 was characterized by 
1H and 13C NMR spectroscopies, elemental analysis and single-crystal X-ray diffraction. 
The crystal structure of 10 reveals η2 coordination to the Ta center by a phenyl ring on 
one of the benzyl ligands. In the reaction between 9 and ½ equivalence of O2, oxygen 
inserts into only one methyl ligand in 9 to form the methoxy dimer Ta2(μ-
OMe)2(=NSiMe3)2[N(SiMe3)2]2Me2 (trans-11 and cis-11). Trans-11 was characterized by 
1H and 13C NMR spectroscopies, elemental analysis and single-crystal X-ray diffraction. 
In Part 5, new mixed amide imide species Ta(NR2)2(=NSiMe3)[N(SiMe3)2] (R = Me, 
12; Et, 13) have been synthesized from two different reactions. 12 was characterized by 
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1H and 13C NMR spectroscopies, elemental analysis, and MS. 13 was characterized by 
1H and 13C NMR spectroscopies and MS. The reaction from 7 eliminates Me3Si-NR2 (R = 
Me or Et), converting the amide N(SiMe3)2 ligand to the imide =NSiMe3 ligand. 
Future work for the magnetic studies project will focus on using INS to determine 
large zero-field splitting (ZFS) parameters. INS data were also obtained for the air-
sensitive [Fe(TPP)] (14) complex shown in Figure 6.1. Previous magnetic structural 
studies of [Fe(TPP)] (14) shows that it has an intermediate spin, S = 1, with a relatively 
large D parameter, 65 cm-1.1 A challenge in using INS to determine large D splittings is 
that above ~30 cm-1, the phonon region begins and it becomes difficult to differentiate 
between magnetic and phonon peaks, as shown in Figure 6.1. There are a few options 
that can be performed to attempt to discern which peaks are magnetic: (a) A magnet 
could be used to split the magnetic peak, and this separation between the peaks is relative 
to the strength of the magnetic field, or (b) Use a second sample that is isomorphous with 
the complex, but non-magnetic. The phonon peaks of the two samples should be similar. 
Subtraction of the INS spectrum of the non-magnetic control from the INS spectrum of 
the sample would yield the magnetic peaks. Neutrons have a spin s = 1/2 and can be 
polarized with either up or down spin. Polarized neutrons would interact with the magnetic 
peaks, changing their intensity, while not changing the intensity of the phonon/vibrational 
peaks. These experimental techniques, along with Q and temperature dependence, will 
be used to determine the ZFS parameters in the future. 
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Figure 6.1.  INS spectra of [Fe(TPP)] (14) using a 96.77 cm-1 incident neutron beam. 
 
 
Future work on the d0 tantalum imide complexes will focus on H2O reactions with 
TaMe2(=NSiMe3)[N(SiMe3)2] (9), Ta(CH2Ph)2(=NSiMe3)[N(SiMe3)2] (10) and 
Ta(NR2)2(=NSiMe3)[N(SiMe3)2] (R = Me, 12; Et, 13). Theoretical studies are underway to 
understand the mechanistic pathways for the imidation seen in the syntheses of 12 and 
13. 
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Appendix A.1 
  
 
Figure A.1.  Example of the INS peaks of [Fe(TPP)Cl] (1) used for the calibration of the 
elastic peak and calculation of the D value. 
 
Error Analysis 
(1) Incident neutron beam energies: 24.20 and 80.66 cm-1; |Q| range is 0.48-1.8 -1 
(2) Step size in Figure S7: 0.008 cm-1 
(3) Usually the error associated with a peak position is of the order of the 10% of the 
linewidth (= 0.08 cm-1 in the current case), it is used here: 2D = 12.65(8) cm-1; D = 
6.33(8) cm-1. 
  
Area 3.72(3) x 10-3 
Center 12.7920(25)* cm-1 
FWHM 0.800(6) cm-1 
Background 4.09(6) x 10-4 
* Two significant digits for the error 
in “Center” are retained and will be 
rounded off in the calculation of the 
D value. 
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Appendix A.2 
 
 
Figure A.2.  Example of the INS peaks of [Mn(TPP)Cl] (2) used for the calibration of the 
elastic peak and calculation of the D value. 
 
Error Analysis 
(1) Incident neutron beam energies: 12.58 and 24.20 cm-1; |Q| range is 0.4-0.9 -1 
Enery Transfer (cm
-1
)
2.2 2.4 2.6
Area 12.2(8) 
Center 2.3495(63)* cm-1 
FWHM 0.204(14) cm-1 
Background 11.1(6) 
* Two significant digits for the error 
in “Center” are retained and will be 
rounded off in the calculation of the 
D value. 
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(2) Step size in Figure S8: 0.008 cm-1 
(3) Using the peaks at -2.235 and 2.235 cm-1 (= D) which have the best resolutions, 
 
 
 
 
 
 
  
 σtotal2 = (0.008)2 + (0.0149)2; σtotal = 0.017 cm-1 
(4) Since usually the error associated with a peak position is of the order of the 10% 
of the linewidth (= 0.02 cm-1 in the current case), and the error analysis above 
yields σtotal < 0.02 cm-1, 0.02 cm-1 is used as the estimated error for the D value: 
D = -2.24(2) cm-1. 
  
Temperature (incident 
energy) 
Energy transfer peak (cm-1) 
50 K (12.58 cm-1) 2.2499 
50 K (24.20 cm-1) 2.2200 
Average 2.2350 
σn-1 0.0149 
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Appendix A.3 
 
 
 
Figure A.3.  Example of the INS peaks of [Mn(TPP)] (4) used for the calibration of the 
elastic peak and calculation of the D value. 
 
Error Analysis 
(1) Incident neutron beam energies: 12.58 cm-1; |Q| range is 0.4-1.2 -1 
(2) Step size in Figure S9: 0.008 cm-1 
 
  
Area 25.1(9) 
Center 1.6728(36)* cm-1 
FWHM 0.228(8) cm-1 
Background 17.3(7) 
* Two significant digits for the 
error in “Center” are retained 
and will be rounded off in the 
calculation of the D value. 
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(3)  
 
 
 
 
 
 
 
σtotal2 = (0.008)2 + (0.00249)2; σtotal = 0.0084 cm-1 
(4) Attempts were made to use the peaks at -3.14 and 3.14 cm-1 (4D) at 5.1, 10.2 and 
50.0 K to calculate the D value. However, these peaks are weaker than those at -
1.56 and 1.56 cm-1, and Gaussian fits of the peaks were not successful. Thus the 
peaks at -3.14 and 3.14 cm-1 were not used further. 
(5) Since usually the error associated with a peak position is of the order of the 10% 
of the linewidth (= 0.2 cm-1 in the current case), and the error analysis above yields 
σtotal < 0.2 cm-1, 0.2 cm-1 is used as the estimated error for the 2D and D values. 
2D = 1.57(2) cm-1; D = 0.79(2) cm-1 
 
  
Temperature Energy transfer peak (cm-1) 
50 K 1.5667 
10.2 K 1.5728 
5.1 K 1.5700 
2. 1 K 1.5692 
Average 1.5697 
σn-1 0.00249 
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Appendix A.4 
 
 
 
 
 
 
 
 
 
 
 
Figure A.4.  (Top) Example of the INS peaks of [Cr(TPP)Cl] (3) used for the calibration 
of the elastic peak and calculation of the D value. (Bottom) Figure 2.9 is placed here for 
comparison of the peak resolutions. 
Area 1.8(4) 
Center 0.4541(66)* cm-1 
FWHM 0.120(2) cm-1 
Background 1.1(1.1) 
* Two significant digits for the 
error in “Center” are retained 
and will be rounded off in the 
calculation of the D value. 
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Error Analysis 
(1) Incident neutron beam energies: 8.06 cm-1; |Q| range is 0.5-1.0 -1 
(2) Step size in Figure S10: 0.008 cm-1 
(3)  
 
 
 
 
 
σtotal2 = (0.008)2 + (0.0020246)2; σtotal = 0.008316 cm-1 
(4) Since usually the error associated with a peak position is of the order of the 10% 
of the linewidth (= 0.012 cm-1 in the current case), and the error analysis above 
yields σtotal < 0.012 cm-1, 0.012 cm-1 is used as the estimated error for the 2D and 
D values. 
2D = 0.468(12) cm-1; D = 0.234(12) cm-1 
Temperature Energy transfer peak (cm-1) 
10 K 0.4695 
2.1 K 0.4667 
Average 0.4681 
σn-1 0.0020246 
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Table B.1. Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters 
(Å
2 
x 10
3
) for 10. U(eq) is defined as one third of the trace of the orthogonalized U
ij
 tensor. 
______________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________ 
C(13) 8812(11) 6910(5) 655(5) 33(2) 
Ta(1) 8887(1) 6359(1) 2298(1) 21(1) 
Si(2) 7703(3) 6800(2) 3943(2) 40(1) 
Si(3) 10247(3) 5707(2) 3891(2) 35(1) 
Si(1) 11673(3) 5410(1) 1419(2) 31(1) 
N(1) 10306(8) 5809(4) 1938(5) 30(1) 
N(2) 8959(8) 6275(4) 3430(4) 28(1) 
C(12) 8414(11) 7406(5) 1258(5) 30(2) 
C(11) 7032(11) 5719(6) 1861(6) 37(2) 
C(3) 11037(15) 5127(9) 447(7) 59(3) 
C(10) 9395(11) 7552(5) 1909(6) 34(2) 
C(1) 13082(13) 6161(8) 1322(9) 54(3) 
C(2) 12394(15) 4524(7) 1899(8) 54(3) 
C(5) 6651(16) 6138(11) 4578(9) 74(5) 
C(4) 6439(13) 7265(8) 3265(8) 55(3) 
C(6) 8510(20) 7592(9) 4520(10) 82(6) 
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Table B.1.  Continued 
______________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________ 
C(9) 10120(17) 5744(10) 4962(7) 59(3) 
C(8) 12034(12) 6089(8) 3655(7) 49(3) 
C(7) 10033(14) 4651(7) 3607(8) 51(3) 
C(22) 7410(20) 3520(7) 2222(10) 72(5) 
C(23) 7606(15) 4277(7) 1896(9) 52(3) 
C(19) 5992(12) 4792(7) 2804(7) 46(2) 
C(18) 6899(10) 4905(6) 2180(6) 36(2) 
C(21) 6521(19) 3427(9) 2829(10) 74(5) 
C(20) 5818(16) 4050(9) 3118(9) 62(4) 
C(16) 6062(12) 7427(6) 737(6) 40(2) 
C(17) 7021(12) 7661(6) 1277(6) 38(2) 
C(15) 6478(13) 6923(6) 131(6) 40(2) 
C(14) 7846(13) 6684(6) 90(6) 40(2) 
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Table B.2.  Anisotropic displacement parameters (Å
2
 x 10
3
) for 10. The anisotropic 
displacement factor exponent takes the form: -2π
2
[h
2
a*
2
U
11
 + ...  + 2hka*b*U
12
] 
______________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________ 
C(13) 35(4)  32(4) 34(4)  3(3) 6(4)  0(4) 
Ta(1) 22(1)  20(1) 22(1)  2(1) -2(1)  -1(1) 
Si(2) 44(1)  45(2) 30(1)  1(1) 6(1)  11(1) 
Si(3) 36(1)  40(1) 28(1)  5(1) -4(1)  5(1) 
Si(1) 29(1)  29(1) 34(1)  -4(1) 2(1)  1(1) 
N(1) 32(4)  26(3) 30(3)  -3(3) -3(3)  2(3) 
N(2) 32(3)  30(3) 22(3)  3(3) 2(3)  0(3) 
C(12) 40(4)  22(3) 28(4)  8(3) 1(4)  -1(3) 
C(11) 40(5)  34(4) 37(5)  8(4) -12(4)  -11(4) 
C(3) 55(7)  82(9) 41(6)  -27(6) 0(6)  6(7) 
C(10) 37(4)  27(4) 36(4)  3(4) -1(4)  -5(3) 
C(1) 44(6)  52(6) 68(8)  -6(6) 12(6)  -10(5) 
C(2) 61(7)  43(6) 56(7)  4(5) 1(6)  21(6) 
C(5) 58(7)  105(12) 58(8)  36(8) 23(7)  18(9) 
C(4) 46(6)  66(7) 54(7)  11(6) 9(5)  21(6) 
C(6) 122(16)  53(7) 72(9)  -29(7) -36(11)  25(9) 
C(9) 66(8)  79(9) 32(5)  5(6) -7(5)  12(7) 
C(8) 38(5)  72(8) 38(5)  4(5) -9(4)  -9(5) 
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Table B.2.  Continued 
______________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________
C(7) 55(7)  35(5) 61(7)  18(5) 3(6)  8(5) 
C(22) 97(12)  33(5) 85(11)  -6(6) -33(10)  6(6) 
C(23) 60(7)  38(5) 58(7)  -3(5) -15(6)  -8(5) 
C(19) 38(5)  49(6) 51(6)  15(5) -6(5)  -18(4) 
C(18) 39(5)  32(4) 38(5)  11(4) -17(4)  -14(4) 
C(21) 85(10)  54(7) 84(10)  36(7) -38(9)  -37(8) 
C(20) 69(8)  58(7) 60(7)  27(7) -10(7)  -28(7) 
C(16) 34(4)  46(5) 40(5)  6(4) -4(4)  4(4) 
C(17) 46(6)  36(5) 32(5)  5(4) -2(4)  8(4) 
C(15) 48(6)  44(5) 29(4)  4(4) -5(4)  -1(4) 
C(14) 53(6)  43(5) 25(4)  4(4) 2(4)  3(4) 
______________________________________________________________________ 
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Table B.3.  Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters 
(Å
2 x 10
3
) for trans-11. U(eq) is defined as one third of  the trace of the orthogonalized U
ij
 
tensor. 
______________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________ 
Ta(01) 4861(1) 5659(1) 6037(1) 13(1) 
Si(1) 6943(1) 6344(1) 7919(1) 21(1) 
Si(2) 7408(1) 6894(1) 5797(1) 20(1) 
Si(3) 2824(1) 4754(1) 7834(1) 21(1) 
O(1) 3923(2) 5287(1) 4649(1) 16(1) 
N(1) 6547(2) 6262(1) 6638(1) 16(1) 
N(2) 4008(2) 5150(1) 7017(2) 19(1) 
C(4) 6938(3) 5311(2) 8544(2) 30(1) 
C(1) 3459(3) 6755(2) 5914(2) 23(1) 
C(9) 1069(3) 4522(2) 7178(2) 31(1) 
C(2) 2781(3) 5671(2) 4074(2) 30(1) 
C(11) 2518(3) 5554(2) 8799(2) 32(1) 
C(8) 7207(4) 8018(2) 6122(2) 36(1) 
C(5) 8775(3) 6767(2) 8200(2) 34(1) 
C(6) 6572(3) 6746(2) 4523(2) 23(1) 
C(7) 9314(3) 6594(2) 5709(2) 35(1) 
C(10) 3547(3) 3779(2) 8418(2) 35(1) 
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Table B.3.  Continued 
______________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________
C(3) 5650(4) 7064(2) 8479(2) 35(1) 
______________________________________________________________________
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Table B.4.  Anisotropic displacement parameters (Å
2
 x 10
3
) for trans-11. The anisotropic 
displacement factor exponent takes the form: -2π
2
[h
2
a*
2
U
11
 + ...  + 2hka*b*U
12
] 
______________________________________________________________________ 
 U
11
 U
22
  U
33
 U
23
 U
13
 U
12
 
______________________________________________________________________ 
Ta(01) 14(1)  13(1) 14(1)  -1(1) 1(1)  0(1) 
Si(1) 26(1)  18(1) 18(1)  -2(1) -3(1)  0(1) 
Si(2) 20(1)  17(1) 22(1)  2(1) -1(1)  -4(1) 
Si(3) 22(1)  22(1) 19(1)  3(1) 5(1)  -2(1) 
O(1) 14(1)  17(1) 18(1)  -1(1) -2(1)  4(1) 
N(1) 18(1)  13(1) 17(1)  0(1) 0(1)  -2(1) 
N(2) 21(1)  19(1) 19(1)  -1(1) 2(1)  -2(1) 
C(4) 39(2)  28(1) 22(1)  4(1) -8(1)  -2(1) 
C(1) 20(1)  23(1) 26(1)  -5(1) 2(1)  5(1) 
C(9) 20(1)  38(2) 35(2)  -2(1) 6(1)  -4(1) 
C(2) 28(2)  30(2) 32(2)  -10(1) -15(1)  14(1) 
C(11) 35(2)  38(2) 24(1)  -4(1) 9(1)  0(1) 
C(8) 54(2)  18(1) 36(2)  2(1) -1(1)  -7(1) 
C(5) 36(2)  34(2) 30(1)  -2(1) -12(1)  -10(1) 
C(6) 24(1)  22(1) 23(1)  4(1) 3(1)  -1(1) 
C(7) 21(1)  49(2) 36(2)  9(1) 2(1)  -5(1) 
C(10) 37(2)  28(2) 40(2)  12(1) 4(1)  -2(1) 
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Table B.4.  Continued 
______________________________________________________________________ 
 U
11
 U
22
  U
33
 U
23
 U
13
 U
12
 
______________________________________________________________________ 
C(3) 48(2)  32(2) 25(1)  -8(1) 1(1)  7(1) 
______________________________________________________________________
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